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Issues of Digital Mapging

by Golifried Ronseny, em. Prof, Univorsity of Hannover, Germany

Abstract
The taditional role of phologrammetric resiifulion has been fundamentally changed
by the avallabiity of new technical developmenis:

Digital vameras ncswv compate with the established techndlogy of analog aerial
carmeras. & new competiior is Plotometry and Multivision for gathering images by
obique rages. The roduction of srthophetos as substitute forvecky infommstion
hiae proven fo be more sconcmical. The most expensive seed in osthophnto
generation s the oveatl tal whevation modsds. For BEMorsstion altersative

tion of digh
wathods have becoms possible, suoh as radar mapping and laser scanning. Finally
s-topoiogically siructured data

vector data ave now e aimed af CAD produnts, buta
mrnetric havdwars and solbvses industey is carrsndly in the

for use i 2 OHS. Photogrs
shapedile exdraction. The sin of photogrammattic data

3

pracess of providing divect
aequisiion hag changed from a map ofdentation toward the goal fo provide 818 data,

Zusammaenfassuny

Uer radiionalie Verfabraraweiss der phologrammatrischen Auswarlung sur
Harstellung von Karenunteriagen hat sichy durch noue fochnische Entwickiungen
grundlegand verdndest.

Qigitale Kameragystams legen hsde in Konkurrenz 28 dey bawiirten suf Fim
hasierten Lufihitdkameras. Neue Sehrdgeuinahmmverfaheen, wie Picty

Muiivision stelisn dis Nobwendighelt der bisherigen Lultaudnaiime infrage.

e Produktion von Orthopholos als Srichkadenersaly i well wirtsohafiicher als die
Hrstatiung vory Veklorinformationern, Der feuerste Aspadt bef dere Herstellung von
¢

Crthapholos s die phobogrammatnische Edassung digiialer Hohenmuodetle, Dafi
karomen aber auch Alermativmethoden, wis dis Radarnmblastung und das
Laserscanning infrage. Schliesslich sind neuerdings de Vaklordnformatioren i Foom
von topologiach straflurterten Talan e sine Verwendung i GIS gelagll e
phologrammatische gordie und software horsieliende iclustiia ist gegenwariig
dabet die dirskis Shapefile- Dateneriassung tu realisieren. Das Tl der
shetogrannetischan Dadanerfassung hat sich von der Stichkartenonsntierung zw
Bareitslalitmng vory GIEE- Daten qowandedll,

1. introduction

spping by radiional ield surveys has been replaved in the 20% cantury using fool
of aenial photograrsmelry, which s now an efficiently operationg, Rohly sutomatsd
fechmciony, But more recenthy during the past decadles now lachaologival aspects

e
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have hean infroduced 1o fmprove the mappdng eohnoingy even further, Some of
f}t\(

these trands ave discussed by this paper. {ses Konsony 20031

2. Bigital Cameras versus Scanned Filon Camers Images

Ever aince the ;33'{3;“3 s s of L8 milltary and that of the UK space pmgrany inthe
1060%s and 197078 digital cameras have been usad o ransmit images from ordits.
More recentiy the m; surrist marka! has made 3 breakthrough for & Mpike! and more
digifal amaleur cameras,

To sompete with the high lovel requirsments of il based aerial BUTVRY TRMETES
with g highly oplimized wids angle oblective 3 800 M pheed {30 00 x 30 000}
camera would b reguired, which i st oo costly o reslize, unfess shorouls are

ke

There i the ophion o use sever! enses Ky imaging onto sioaller QCD area aray
ohips. This oplion has baan rogfived In the Z3 indergraph DMO with 7 lonses andf the
Varce! Ulracam.

Anothar oplion i 1o devedop the camera iy form of 8 GGD #ne scannar. This opdion,
usedd Iy satelite systems, was chosen for the Lelna ADS 40 camera,

Tha ‘iﬁ f*;ﬁ sal dedals of thase corneraial and operational camera systems am given
e table 1, (see Graham, Hinz 1008, Leberd 3008, Trinder 30081

Q

Table T Paramsters of Operational Digital Aenial Cameras

Type nef pixsls pixel ground coverage WD S e
size Al hiitim
Yexgal
Ultragam 7500 x 11 500 Bum 875 HiBm 37 wiBom o 18.Bom
& ali=100mm
&8
Itergraph T R 13 834 13wm 7HRx 1884 m 33 +&Hom+- 1B.50m
GRC at f=180mm
Leloa 12 B0 ntersl

ADS 4G \sz tudinal:
M forward BBam swalh 102am

DRy staggerad alb=idOm 128 ~18oms i~ 200w
14.2% af {18um ground
pheels}
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The imagsd aress by the mulilenss ara chips have 10 be resampled and fitled
;c;gethef acoording I buresight calibralion information by subseguet mags
processing. The fitted image comrespornds o ras am;ma aros arrays for s usabis
;%o*@q*ammmm image of 7600 oy ;qstu\iami} XY A4 datarnd) pixals for the BMC
anwl of TS0 fongit sdinal) x 11 SO0 {interad) pixels tor the Uiracam. Even forwand

metion compensetion is ncluded foe the resulting imags.

The radicmetns esolution of digital sensor elamients s by far supsrior (bt grey
levels} t that of the scanned Bilm, for which dus to exposure condiions useally only 8
bit of gray level information can be refrisved, For a particalar exposure seifing.

The same holds true fy Bnear camen aways. Nevertheless the resultant scanner
irvages reed 1o be correcland for slroraft forward motion and atroraft attilude, which
are recorded by a rather expensive MU system, which has fo ragister the 8
orientation componeants in real me duing the fight. Linear srray TR systams
is wrafore dopond dwing thelr cpevation on ths speed of the ainoraft and s alifiude
changes, sseting A ol o the achiovaiis gound sampling distancs, zie;oﬂrﬁing} !
’%‘*'t% ?"rm;tm st whicht the U records can beootfociad. For that season the ADS 38
difficultion to achieve the same ground ssmple distarnne for tow bavsd
S, & f:s*ttd'sna;tzie for camergs wsing area chips exposed o a apecific ime ey

”n

FHgh plan ng wotadures for analog aaral cameras nosd of course
5 whe o QHal pameras are used, singg the coverags o the grownd

’ i shres and $ie difforent foua! lengdhn ulilized forthent

The ofher Issue s the schdavable acouracy on the gronwud for position and alevation.

Acciracy 5 of seurse a function of the ground sampde sive and the base-height ratin,

ﬁep@mmq nob only ot the the ie*me opening angle, bul also on the msthod of dala

eximotion (automatis or manual), No doubt exlensive acouracy lesls will be made in

he coming vears by xnw;‘mdes\i boddies to clarily the soouracy lssus.

Arncther aspect is the product oblained by digitel cameras: Whils camsras with ares
arays, sfler boresight calibrafion and preprocessing can ke broaterd in almost the
Same wWay as analog images for senal trian 3@3&1* any, BEM sxtraction, orthophola
gangrghion and ne f*fza:}ppsng, the Hne scarnet cameras more cloarly depend o ths
provessing sigotthms of the manufactuens, wwo of ciuvse am ready o ivenss the
appropriate software packages for processing.

4

he digitsd carnera technology using Canon, Koedak or Rolleimebis cameras do not
wite reach the resolution and geomatrie actwracy requirernents of the DMT, the
JEracany and the ADS 40, since they bave not been spacifically designed for
chotogrammetie mapping, Neverfsless C&mm sodak ared Rolleimetrie cameras
tave been succsssiuly used for miapping applications iy developing cowdsies &
reduced geomelrio renudremants. Bince *hew SRR o3 e scommadatad in
st aroralt {Cesena, Flpar) thelr use {8 poss 1?\% m remnte arsas, for which the
moldiization of & spech! survey sbroraftiz foo sest

("’J.Ié

Suoh namenas can, oh the other hany, also be combined o cuch camera
avsemitdies have m::cw used camers assemblies yaing vertioal and obligus Fnages
up i 4 diveclions. Buch camera assombliss have been used by e Rochester, NY.

Tad
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based LS. company Piclometny, The use of the Pliclomelry system is o anabls
views of i house facaules of & oty o oblique images and fo use the 4 obliqus
wosges for Fnea? measuramaonts on the imaged objedds fp.g. distance hatween two
fenisas) The Prlometry cameny systems are used from & Sving heighls producing
highay resolution images from low lovael fights for the oty cors areas In %v ix of
"Nedgrbourhood Images”, and from high level Hights for he oulekirts of s i\; iy fovm
af “Community nages”™ & @ lower resolution. Exlensive use of tiils *;e-\,e.‘t gy has

tean made It the UEBA I the "Homedand Seousity Progran”™. {see g 1, 2 and 3 and
s pictometoy.oomy}

iy forae! CsleAlr has produced a suvilar softwars systern “Muilivision”, in which
conventicns erthophotos can be w‘\,wed and used for measuraments ogether wilh
genreferenced diglial oblinge images. as figd and 8§ and www.ofsl-alrcoml.

Fictometry snd Mulhision offer the possibility o view and measure oiject dialls
withaut the need for convantis ;mi ma: ping. They are tharefore @ senous competition
i seourily and emergency applicatinns.

3. Qrthophoto Mapping versus Line Mapping

Fra w nally line mapping was e Lzzrj;exi‘ of the {}?3{}3{\&;”3;?&{3}&%?%{; INERENG PYOUeRs.
Evar since the Infroducion of the onhopholorenification nmsthodadugy orthophotos
?mw hwn Seanas map substiides, which wers fa*zter and lees axpensive tn
;3:\*‘(3‘539 VWhile a ine mapping project miay iake 2 1o 3 years o complets, the

arthoptotos for thae same area may be compleden in 8 months, Parlinularly in
ix&vem;, ng coedries with & fast growing wban populstion and o fack of systamatio
updating systams for maps, avdhophotos offer the only possibilily o praduge guick
frformation for urgant neads.

OF cotrss the cost aspeat Is pven move importand, aince urban cenders in devealoping
onunines Gan seldorn afford & ine mapping sifort,

costs for aerial mapging are tased on the number of phctos {or slereomodals)
‘f.: oover i spaific grea. A sy mmar" of oosts of the componanta of an '3€‘Y§<i§
cpvaect i given i lab

Table &
Crihophoto Mapping versus Ling Mapping Costs {international average)

Process Remarks Cost per Rartal Photy
senal phofography constant fse per
rachilization hinok $5000 -
gersad photo 108
searwing of phedos 5%

asrial Fangulation
and block adfustrment 259

4
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gdiggial atevation modsd 1203

digital edhaptioto
produstion R

mogaicking *:3 of

orthophotos 208
on acreen digittestion
30 or 30 rural nres

105" per image

& BORy LR

whan area
100" par bmage S

L3

§

Mobilization for an asnial pholography project is based on s fived cost depending on
the ancessibilty of an araa, which can b high z‘m 8 mgu?et waa lacking 8
mobiiization infrastucture for aperating & survey airovafl

Scanning of pholes is not reguired for se of digital cameras, whils the cosls par
image, asnal fangulation, the zzs:(mzxzi\m of a digital elovation model, the orthophofo
production and the mosaicking of orthophoios are si“ Har for analog and digitat
images. However, tha svallability of dights! compras s o] imited dus 1o their high
frvestment post exceeding 1 M3,

The costs for generation of fne maps using D pm“cdure“ {for rral araas) and y

3 procedures {f{}r urban aress) ave guite high, depenmding on labow cost. \‘»‘i:my

i Ha iy Burope and North America ?.\iwi wwrefore subooniracied the
;\sns :axx 0 countins, where labour costs wre stilt low {e.g. Eastom Burops,

Table & and el Ea - oernpare the total cost for art wrban serial mapping projent
sovering S50 ken® aooorg *ie ng o averags htornsiions! prives.

/

Tabde 3:
Costs for a Olty Map covering 250 ke with 28 am ground pixels,
soanned with 15w fom pholography at image scale 113 33%:

Provess nosof photoy sost

aegiad photorgraphy 83 pholos § 4830
SRATH mg 51248
acrial angudation $ 2078
DEM RRUE R
digital srthophaoto $ 2490
mosatcking $ 1860

total arthopholo cost
fne map digitising

[
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telal Bos mag gost § 148 780

Table 4
Costs for a Clty Map covering 250 key® with 10 om ground pixels,
soarmed with 15 fom pholography af brsge scale 1 8888

Progesy noot photoes st
agrial photography 332 photos § 70
Seardng § 4880
aertal nangulation $ B3
DER § 38 R40
digital arthopholos 3 BEsD
rradehing of orthoghotos § 8840
total orthophoto cost $ 77040
fire map digitizing § 488000
total Rae msap cost $ 5YE 040

The total bidding prices for & mapping cortrant st depend on the fotfowing factons:
- groduction costs (os seen inlables 3 and 4)

finid verification and 30 %
- swarhead add 28 8%
profd sl 1%
- rlaks add 40 %

This b why 2 bid may be based on o cost plus 100 % wice. This may of course vary
o the competitive scanoemio sluation.

Whan compring pricing Bor 8 oify map 1 2000 prodoced frova 20 om ground pixals,
this Bne map may be condracted for § 383 520,
The srthophole coverage would cost § 44 438

A city miap 11000 §'3e adiced from 10 o grouns pixels
wordd be condradted for § 1 156 088
andthe arthophota for$ 184 088
Thig COmpares foan alls ncm, ground survey procedure using GPBDGPS and tolal
stations at § 8400 per ke’ for § 1 500 808,

Fhologrammetnic mapping i5 still less costly than ground surveys, and orficahsto
producticrs is the most Qif«vrﬁab & predure.

Farfioulany In urban areas orthephofos pose the dificuity, that the geonstry of the

ofthephicider s based on ground {zic rvations. Therefore the oge of bulldings o bridges
are displaced in the orthopholn. A solution to this probilest may be e production of
socatied "Trus Orhiopholos”, in which the tps of the bulldings or objedds, produced
by a digilal surface modsl, may be shifted 1 oltain the frue grthophoio, i*'&._\
hesweney requites munusd inforverdion, which is sostly The oblecis o be s
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Hrst be digifized i 30 g the compary Inpho has effective softwars © minimize the
effcrt i dong this, But slill the costs for producing & true avthophota maybe 2or 3
trees s high asfor the standard arthophots product. {see Schickier 2003}

The chents, deciding v s particular produdd stiateny should therefors seriously
corgider the quastas:zm‘

~ whr—s’t ground f«ampk\ distance i piimately oe de

{g.q. ulility mmm s may not be vigide with |
“eaid 88 INAY be more aasily determined wsing G?“& {}bi“ﬂ% ajséum

-

rihe bitlding topography & 30 om ground pixel may be suflic em"z
- 18§ neoesaary W rectly roof top fevels 10 he able to refer the orthophoto {o

cadastral {and most often oot wpdated) boundary information.

4. Digital Elevation Models and Laser Scanning

From the cost camparison of ghologranmetio provesses # becomes olear, that ong
of the high cost factors is the generation of & digiial slevation model by
photogrammetic weans {either hage malehing, semiautomatic grid DEM
maasurement or manoal contouring) s digital slevation model s already available
{presumably & does not changs varty olten) the costs for aethopholo production may
thersfors be signifivantly reduced.

This ia the case, f an older contour mag s digiised and inlerpodated ntn
rectangiiar DEM gid, which cat b Further sm,emai& o for arthopholc o fn{ium 0,

3

There wre alao allemative mathods avallabis o generats digital elevativn modeals angd

\H{\i“n surface madals,

"PR? fhpm %h{\*&*n %:v,m‘ immmm} “"‘fs ?m‘?; Szz‘“ar’ f\ih, {‘::;zm\:i"s &
¥

i
55
_:% ¥
{‘5

araa af Fsrs :iimbu {ji‘ia, km }an wﬁ* i % m ammey z‘@ ’m@ ai- ‘7%{3 ‘:sa? area
{"zf b thivds of Britain {”‘iﬁi} 00U k) withy & m posting at s cost of § : Sk par
ustomer. With the Stara3i arborme radar i the "Naxdmap i:m i project.

¥

M.r

s on the Spate Bhubtls Radar
331{‘&.\‘\* woridwide DEM at 80 vy posting with
3o ai,x,asu‘s\y m ""M'& mi aiim‘ e u‘y’ radar shadows and lavover in wmmtum

areas. For the U8, the gosiing of the dala has bean mduced t 30 . Even tho g

fhe posting and the acowraoy i st rathe fow, the information may be u wilth

e verlicad High rescidion sateliite Images {Quickdird, Bonos} to produes digital
sutalite image mi*m;s%“amt: of 2 1o dm accurany. Alsn Soogle Earth makes use of the

msammi.@n for viewing. {see Henderson 1888}

Arodher nchncdogy te sirbome LIDARL &L present abont 140 Lidar syslams aperate
worldwide {most of them ara ms&tﬁa by Op‘ias,s.k Ladoa and TopEye) Newsr Udar
syatemes operating &t 100 KHz pulses s able o generale dighal swrfaos models
{first pulse relum), Wit elovation modals fast pulse rofurm) and intensily images.
Depending on the ?Ey; g height ranging bedwaen 100m and 8000m sub-meler in W0 m

)
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postings may be genewaled with dm o'm sccuraey. {see Ackermann 1888 and
Daltsavias 1998

The problerms with Lidar data are caused by the fagh, hat the GREDGPS CORS ang
ﬁw ML data are generally nol timed acturately enotgh with respect io the mome

apid iaser pulses. Furthermore the identification of grmoung poinds in the laser image
s ot s acourale as iy oplicsd & Magas,

Thevefors cross ights must iw used 1o mosaio the laser mages. To geooode thens
the use of elevated forgets a the hest ;}mm;:‘;;ai sotution, o the future the
simuianeous x:)p:f:mﬁtm s.:ambm od with oplical dighal cameras s expatied,

3. CAD Mapping versus GIS Shapefile Mapping

RMogt digital mapping efforts have by e past served auwtomated o a;\g roduction in
form of Autocad or Microstation flas. With these & great number of featurs codes
have been ysed with annotated sembology addad o the graphics, which doss not
have intofligenne.

A% mapping must now be considered 8y a base for he analvsis capaldfitios of 8 GIS,

thars is the need to a{imi the phologrammetrie dals acpasition into an object

nrented data structure. As GIS shapsfiles canry the data lopology and give acness &

a’stf\‘mt# data snities bio a\i\gwi refkational detabases, phologrammeltic data
Aoquisition should use these advantages. (sea fin. 8 and 7Y

For new date acquisiion several harhvarsdsofiware msrmdaciusrs now provide oy
a*‘ien“pﬁ fo provide practical solutions for divect shapefite oraafion duing the 30
digitisation process in digital phologrammetric work stations:

« inpho-3ATH

~ KLY
Laina PS8
- Sooet Set ¥
~ 2 interg mg

A8 many mapping oom ;mnir‘ *s:&:suy QW eh‘;c si‘s:em*u: th:m software, e.g. the

Microstation based Z44 Hoy's Geographics,
e atfsrnative o the g eei &.{}Es} o is i%w con»uos@:a m i\:% z:mammn or Aufosad data
HRO shape Hles, sven though this is not a fully sutomated process.

Winle the topology required can be gersrater ’misw ’* inatly inde shapefiies for most
of the ‘mmne:» the intelligencs must be entered manually info altnbules attached o
fabel points,

This will help to raduce the required number of fealure codes, which in any case are
smpeactical to vpdate.

This semiautomatic conversion procedure s I any case requirad for already
solfectad datasets v Microstation or Aulecad files,
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The {SiS concapt, a3 devoonstrated in the EBRI ArcGIR platforms, cloady aimg at the
geoemiion of an updatable ohjact unmted gaondatabase sulution, Photogranametis
\Z)pe\mimm st noww be aimed toward this gout,

The advantags of & proper geodatabase design ez in he possibility to separale

poit sonrdinate nformation for specifin points {s.g. boundary puints) from
topologioally related Bne and arsy informalion. This permits fo generate the pnlogy
of fand parcels, buildings and ot ohjedts, regard of the scouracy with which the
ey §§muﬁ~:iaw poits) have beon delermingd. s therefore possible to use rathey
tow reschdion ortho-images with ground pleet sizes ranging from S em o 2 mto
create the aliject opoltyy first, and o improve the polnt ooondinates iy a sporadic
raanner by DGES growsd surve eys, whan ha need ansas i ransantions,

R

The m;m raiational databs

ase atlributes attached o polnds, line segmends, aveas and
dedined nbiects are the basis for

GIE analyads,

8§, Conclusions

The present siate *‘;* %@:‘?srmimim? development in phologe dmw;si{g g marked by a
i m.t f fron an established, but isolated and self sufficient mapping tedwisiogy
o a GIB srziegrfmm canmam. The product is not 8 map any moe, i:mt Dase data
within a GI8,

+

Aralog peral camera eohnology is gradually replaced by digital camers technology.

Cost effective NS products, such as orthophotos contalned iy a geodatabass in
raster form are combines! with vector data in s superposition. & combination of survey
mathods ranging from terrestial DOPS wses for certain featurss o 30
photogrammetiic data acquisition and laser scanning offers a cost npiimdae approach
for new mapping o s spdaling

Finally, the QIS dafa base concepts should be the guidelines aling which
hotogrammetie products shiould be developed.

Fhotagrammetny (s prosented with anew challengs by these developmaerts.
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ANALYTICAL AERIAL TRIANGULATION WITH CONVERGENT
FHOTOGRAPHY

e RERONY

Regastent of Rusveyiny Engiverring, Tridversity of New Branswio, Prodesicion, NI
apala}

Ruwedved Jues 38, 1966

BUMMARY

Some of the nhorent wesdmesses of cogvergent anslogee methods wan be
taprovad By » mos dgnrons amalytioal approwh. Systematic loteriovoddentation
arors can by cliwinated aoadytically by applving valid Tong distortion sarrections.
Nine fovations can be osad for the determinntich of relative oricntation, the oo
bese meded can be dealt with, sod triplats and quadeoploty con be svalyaed shoale
tanpously B resiviet erver propagat . A favorable differcot selection of rotstion
axes can b selocind, Spesfal condition squations are shews for fremulnting 8
rigarous cemprtaiional wdiestnent.

MY RO

TRW

Since the advent of superwidesngle @ rhotography Qudisy abogt o
photography E‘x“w decreased soosidorably I ssoscmic fmporta e, Cowvergent
photography, regardioss of the anpeler Held of S CHMGrS, DOWSPRT, TENNINE 3
photographic systers by witelh o e faxgest avew vony be covered at 2 gleen phate
soals, veprecenthag & enresponding resolutinn and poin AHULILY. The treatment
of ootvergent phatographs abo romaing of woadomie ktsrest, B & ritaded o the
problewn of svaluating moltidivectionsd nhatm:m@‘\} feoin wn oxposers station iy
space which ey have Hanre practieal sivsilivancs. i*; RS oot phaton
graphy mprosents & stedy objeot Tor whick sy po wiplos of genorsd nature may
e enplored Bevter e for dmphified vertical '\haimm oy

Inveatigations showt copvergent photography and g
fri;izwu‘mkm with \,esn*ius:c{si ol

cally about aepial
a\;'\;n& wore sofar almost sxchedvely Buited
derial trianguiation tosly wers ﬁw wmade by
#oand Guovpny (1880 They did not vield &

P Faper preoventad wi the Intorsst
&SRO 5 IR T ST {.-.nwersd ¥ uf THaedy, U

3

af Bymposhemt on Spailal Serciappntation, Febmary
wans, L {LRAY

Fhorgraramatnis, I3 (98T A.57
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sizeatle scoursey increase over vertion procsdires. This wan contiary *‘mm e
cal pradicticns By Vom Gausen {1330} and Hstisey {1934}, The sulluw
(Koo, 1963) domnnstrated theorstivally and practically that s g\ ::mﬁy o
sevusate ronwls, cotaparabie to thenvetical pradictions can he ol mu‘ i ervars of
intesi@ orieotation ary faken oo secount or saa be clmieated.

Othey contaibutions slong theoraticad Haes were tiade by ACEERMANN{IDS 5}
whe deriwed numenicd relative odentation forautse for owerlapplng sioreaphnts-
graphs and oy shoultanenns cxposurs-station photogr e on ansioges pleflers.
Tronreon (1957 sud Roneex {1937} made the fiost supgestions for s anadyicad
teaatmant of comvergent photegraphs.

The work of Roseneisen (1837 sad Semmos (1836 on %‘miym al refative
oeieptation of ghotopeaphs taken from the wams wposure statien i 3 ahwy dHzestly

solated o the auslvtical trewtment of svavergent plhotngraphy.

The aggested anabyticel formplations fove sofer followed a8 snslopue
sppooach, This paper oakes an afteyopt {v ml;\r{‘;w she weakotysey fokarend 10
convergent analogue moethods by ¢ more Hgomas avalytical sppresch, Bome of the
problems assocteted with audal tdangaiation of conesrgent phintoprephs are fest
o be discussed

FROVLEMS ABR

EATEE WITH ARRIAL TRIAMRILATION OF UORVERBENY PIEPTORBARUS

anferior ovianfaiion

In o peoviows wrlicl the anthor (RONBONY, 1965} sudied the effects of
fmiorior orisntetion exvors on photogrmmmeide accuracy for convergent phato-
graphs. B owas shows, that the model actomey was strengly inflncaced by aoues
of interive onoeutation, They cansed addiional y peratkues s the model This,
in turn, resulied du an ervonsous wokative oripmtation. Pigl Hustrstes model define-
maticns of the partiodlar odentation leoay whind agt differently i convergent
photographs.

Systematic erors of interior orlentation soeh an Bose of cao and e
shrament colibeation cause & wwwe notiveable propagation of aystonatic suvorn i
fhe strip. Acclfental grvors of tnterior acieniation, su\“-i‘ s thoes of conteding the
Stapositive plates fo the plate holders alvoe propagaie Systams agicstly through doukle
srsraation of relative ovionistion grrom.

Tae coversilancaracy of thogiaion ey sdfors Dom te wophgalion of
the farpee relaties oriestation eveors, wihich et fom & cow clinotion reletive
and interior oxieotation clements,

Zovo-bass model wnd drvor propragaion
Che fosher shindvantapy of convergent photography for serdal triangektion

Fiotcgrammetriy, 22 (1987 3¥-5F
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CORVERGENT ARALYTRIAL SERIAL, TRIANGULATION .

Liymant Yertos Cavvsngend Dieed, By
tonight B R PRnRBrgRnt
& i’?\‘i e o S8 R 0% PG

Qs ;wa‘ Added Tependan
& agen.
j}""r Fd P’Eﬁ A
e L
oot S
i‘::‘.l o~ “"%
& § e
é g" Added Hypsebateld
. Finesrenesomnd
I8 8’ ;
2
T & ;,-"} .(mz 'G‘C‘;,
o i e wff ‘&;
ammmanimanad IR S
g rarmmnnn ) ~ ..‘“‘an.;
H £ : H
¢ : H ; Braymeetsiiad
& ; 3 } N R BEO S GE
< 2 3 b
: H ¢ e
A wad PR 2 §
B be
Ty -
W i Ungypassetsioed
' i ¥ pecativngs
ey LTS
i i [ 53
# : i N '; i steiee
' 3 ! ‘9;6_3, ¥ paegieree
¥ Y H Mo, §
B v e e e v

Fig.d, Cugppasison of nudsd deformationy for westicnl sed sowversent photosraghy.
3 e propenty that ong corasrgem g‘kst‘m,&ravﬁ caw valy be used & one specific
stergoscopic wmodel, while @ wpetiy $ophatepaph oan be wilized v Wew stereo-
modely. Canvergent model have Sherefors the advme age of 2 suare sleed modsl
of $0.300% Tongtading ov verdup {sew Fig ). But the conmection fuan madal to
siodel must ke made ox awrvew overkgy from p;_ams..aiiy the g

AL PXPOTENS
s mm The relative odentation of the syachrosized camens dus 1o ok of sl
st overkap 18 thy marow “Hersopdatometss or “rero-base wodel® hus to Bo
nasde oliminating » sad 3 pacilaes, Helght dis splacoments shoeld sot becoms
notiveabis bu any e, due o the nopli aibie soparation of e nodsy poins of hoth
vameras of & few fnches and dee to dgid s symohronization specificatives of hath
amees shulier.,

4

%

Thie relutive ol rss‘ai'*ﬁn 0*‘ the “rerocbase model”, which & sleo wbioet b
tsterior orlontatiin corors soootds for {3 O difforent relative oriestationsy

RIRTR

Photogrammedsia, X1 {1987 3757
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Ne performed in order de tismpultile o stemomodels. Theprstival considerations
aheree gt wrror propagntion IS up t Wy tmes lagger for oonvergeut 43 s vared
te veetical phutographs. fn @ practionl sttemgd i velyie poinl @NENASY M
after iianpuistion aijustamsd R sidp with the sumbess of modele brideed
Baanexsrors (1967 gquotes & rough empirical rebticaghip o == 3 X SR
which & 2 constant sad ¥ & a covilicient desceibing the error propagation.

SfRaCN QISP Sharet: cowdind
g F s

Favo-fiag Madat
H SARRER
¢
& W] 3
A e
[, < e X
N, S
e R \\\\
- .
2
&
=
b e -~
2 —
s - e ol \""x,.\ e
o, 5 e ‘-\\,:N:« - ~ P
T = o vad _—
e Yaas, e ™ S
”‘___,w »’-‘“\‘“«« SR R e,

Fig 2, Convergent averiaps,
For vestion] photagraphy B iy o the ovder of 8.5, Toste with norawd amek
comargent phiole

o
sraphy by the author resplied in « value of & vheee o L8 e

88 gl X
S8 et

= 3 30 . .
Solt] { Feeh ;
; :
: ¥
g byl
’ ,—-“'"%é%ﬁ y ?"
AT
axed L -~ e ; §
e o a
A G et ; H
<y o Sprtia § §
> N . ..,A“
: ¥ AT
] 5.3 § “
i BHy b N
{ oo | ;
} i
t i g
§ ; {
i i }
S

Y .

i =TT TR £ & R I
T musas
Sosdiar Seuraty Elwestion dptemuey

adinment Tor simde

Figd. Comparion of soserasy of Soial vlammbdion afiee y
fantm geovorgmn nonnabangle aad verticad-wide-anghe photegraphy.
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TONVERGERT ANSLYTICAL ABRIAL TRISHOULATION $i

Fig3) Even Gough s compurison scustitutes scildeg bt ¢ fhamd role, i
wmn ahes that the error propagation of vomvergent photopraphs B worse, While
e Inereasad socoracy of comvergent provedages vemaing offetive for shos wrips
of xs;> to fftesn moded, aulopue aoriel selnpdation of Jowg stlps shows wo
advaniages,

DRIRCTIVES £ A AMALFTRCAL SPFROACT

Some of the difienitios snovuntered with analogue seigl ianpuladon of
scnrvergent photographs may be avoided usivg snalyticy] prosedures.

Fateriororientatiooy grrary

Byatematic nteriveqriontation armes of the paint of symmatey of the TROtow
waphle camwern may waaily Yo climdnated soalytieally Yy pracelirated lonee
divortlon corvectines. Toterdorodentation orrom practiosdly do not e
comparator awcesrenenty sines the fdnclal marks o the dsa;}m;me are vesd
mon sopunniely thaw B b possdhle fo center dispusitieey in 3 dersn plottes,
Ietecior-onientation ernys ’i}w*u«m beeome nolfecive for analytical procedures,

Feo relative oriontation of opovergent photopraphy of both the sterse aud
e peee-base model B oalse booounsy possible to olimiodds interiocariontation
errors o and Y ot of Ensge-cordinate mesveromonts ¥ polnts are moasemd
o nine dmrasf&r’“ i< locations {see Vg d), giving order and revk of seven for the
arieatdion matay sonsdy stivng of soven Hnear pstions,

2 I
S J—
T M e
N e
e “\""“\\
™ ymed
3 3 $
§ ol
ot ey, frott
: H
H
§ & o } X v s
3 AR -]
L X @ f
Rt R
M, T
e
e Ran SN
e T,
s vl

Figt Relativs otiontution points 2t wive shurastariste Jooations.

For vertionl photography for an ovder of the avientation watedy of seven the
rankoof the watrix would somasdn five stoop o and 8¢ s well as &) and £¥7 e
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Huoaddy dopendent, Thes & acd &7 sonld ot be determined for vortion! phote-
fraphywnless de z..z& dy way seouvately knows, The torme £ o can e con
stdgeed known from the previens relative orlontation exeeps Sy the Bt roeddd,
Floments dF and & need g0t be joclnded slnee they are roladed o Hha-shelakage
scmpensation, Conaldering that the vadances In the mm\nww:{mxi SR max:&‘s{
of the relative oviontation system for &&™ nod 9™ ary rader g a5 comparad &
the vadances of the oer ariontntion olements the Ioclesion of nterior a sutation
dements into 2 rolative orentstion solesion i me advisalde ueless the vamens
parareeters are eatinly woknows,

Hevor propugaiion

While analogee aprvoaches requiss the arfontation of modély fn sncoosive
sersnmodehram-tase model, sorromodsd, sica—it s posaiily o ol reduse

X g

Figd, Dewvarpeat “guadroplet™ with Mestionl twhy oxpisure stations,

Fig s Convergent “pnadruphat” with soperalc tein oxgoesre Shadioss,

Phaogramsneicdn, X
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TONVEBGENT ARALTTESL AERIAL TRIANGULATION 43

Jant geometied  rolailonchips from additlonal photograple & permdt a. moore
acongaty simeRaseous velative oviestation of mioltple cameras,

I vertical photogriply there s & theovetical axuraey taoreass of 3
tripicte over the chedosl moddbonentation: method {Lemaany, S’}{ 3} Trip
ulilize, wherewsr possBs, threy iy instead of ix > 0 Smuiiancsesdy o jp te-Ehe
sefutive odentation clements of e duse oroeras. Classiead xonde i vicutation
neglecte the sxiating soveelation and srcoustons 3 losy i seourzoy dae 16 s:t‘mags:-at

e popas oy posdhiiity,

B convergane phivtograpby S rape itbobeting at a pofet are being nade

sas oF fnstead of two fo 2 confipumtion which nay be called 1 “quadneplet” (e

g.f\ and &b Additioest aogalar sondiions san cuslly be coforced awalytioaliy.
A hiphor fostoace of aceoracy sis (}.\f‘ﬁ‘}i‘(i?f"ﬁ seroy propagation will therefors
st for convergend pholopraphs than for kiphs

fasfrumnpaialion

One of the dirvbacks in thangalating and plofting sonvergins photographs
hus hoen the Ymitation of corteln senlogee plottess to secommodaie this 3 \g-a: o
photogeaphy sad o viow ¥ without andus strain.

Esperiencey i the Jeas (818 Sumsocomparstor aad i de WiHd
potnt wanster dovice whth sormabangle eonvorgemt photography taken with » twin
camers Yoty KME 2 % U8 have shown no mmjoy d:ifzua}?ﬁm Y HICREBID SO~
disates sterevseopieally or ty tranefor polts for wee w3 monoscmparaio.

MOQEFICATIONS OF SUXSTING COMPIPTRER PROGRAMSR

When evaluating o steip of convergent photography by ronlytioal meass for
the Best Gae oue prefers to il @ shople workable scluties which may porhaps
not by the most suitable, but whivh will quielly ¥iadd & practioal :~c~s§* withuosst
maker prograneaing oifort.

Folowing this spprosch e Nutbosa! Ressarch Oourell Sesial Triangulstion
Prograny by Souer {1988 was mwfzcd Tor spacific wse with convergens phote
praphy pu an LEM, 1628 slecteanic computer,

Ondy the cedasie ovfentations of Jadivides! sodels oF the Solud BEOETE
could be wwd desatly. I dofag so the sxbsting conslation twesn measused
photoswordinuies ¥ and ¥ b the soplonerity equntions had o be seglected. (Fov

o ARG

vertioal photograply ouly e ¢ coordinsle meamramnonty contiihaie to relafive
nrienistion snce the cvelficiendy of e 497 or w2’ formy bocores zerg, The: the

o0y }2,15 aeity asyoations wan e adfusted fur vertical photography we shople obsere
vation eguatines)
The program wouvverges well for the ovdantation of soovergem photographs

TR
however and woastitores the fiest sabivoutios of the twianguiatio B PTORTENL

Fhowwpramiovesedy, T3 I08TY YTLEY
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For the trisapulation of & sidp tee wthier sepplementaey subroutings weee
weitien in FORTRAN hngoage: €% x program for the arlontation of the zerov
base mrodel a2} «oroatiur o salodate She soale factory A amd & da teo sdjacent

wodele for 2 vestor Hream e sxponie station cotmon t© hoth models fo & groved
paoint. Thayr satie is weed o obtaln comscted walues Yor by, &by and bubx for
the subreguant eodel,

‘The duer subroulines appied o succession permil to Wwiangulaie & convers
gent sinip aconeding o snadopns testosment principles: Intssior-orioststion arors
e mividzed by the an zsivisczz? appsacd, but additings! condiffens winlmtting
the ersaf progagation mre not pade wae of, Therfore 3 new progran was dusigued
for uae I & soasll compuies, yech a3 e LBM. 1620

THE BEW PROGRAM
Choler of foranedation

Balors the decldon was ssdy, oy o which formnifation showld be sdopied
v the sealvtiod! teentment of convergeet phoicorsple & 8 el compater, &
s:»s;w teore way wade botwoen formulationy wiliving coplanarity sgusdiong o
vording to Sopur Q15964 and those wslop oollineadly seutfosy accosding o
s {19365 Schadds foveulhtion han the advastage tat for e sl e
sumplion of conrelation free nwasuremont of photn woordisiates ¢ and Y, the
eorreluiion nwtdy vodiess o ually abo for converpest phatognpls, Thas &
however the allornative of adjssting ground cocrdinates dnlaaponsly with e
selntive ariontstion dlentents, as this has been sugessted by Somvrn ({086 o to
Infenduce absoltte changes of thuse ground o meded coovdingies ¥ tormy of
welative orlentation oloments e this bas been done by Flamwmoal ol (19825 The
Idfter: apprcach leak o unesnossary compiicetions for wore tan vy camen
stations, The former is loss anttable for sl swputors stoe It incecsses the nune
her of wnknewns & be shanlloneonsle soleed for. When pantitionisg reethads ae
apgmc&i s s nob secosserily o Hestting Getor forwasll oompaters, Bt the wse of
soplanerity smations i shupler. Doe fo Reabied computer gie & subsegoeont stuip
aml Block adbtent to pround covedinates will dn say case by necessery @t a
Iater stage.

o

.4

Tv
>

Choios of rosion

A Barther Took wis taken wt the cholos of rointional cloments & be used In
the coplavadty sgrafions. The cholce of rotaded axey oy, ap op a0 In succes-
don, sueh we those iotroduced By Sopur (1964}, & pralivalle © comontary Hined
seguental axes o, 3 o secount of the ease of dedvation ag wel ag caloalation
o cceffoivats. The wee of rotatad wsey for convergent phatopmphs, howaver,

-
o,

Phogegrampwirin, 32 {087 3387
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CONVERGENT SHALYTION. ABRIAL TRIANGULATION £33

sequizes that approprials ¢ vabwer are Wiroduosd i the saloslation for e
shements of the sppeodimsts orieotation watrix of sweh photo; stherwice oone
vergonse of the solntion I8 oo daw,

Exinring dypey of voraliions

The welbkrown condifons of solative adeotation and soabiig of voritent
vhatography are abo valid;
{I} The relative arientotion condtion fn G of the coplanarity equstion

Y ® R b
b By &
E s
;
!
; §
Do & SEI s {3
E 3£ ¥ W t s
N
i
{
1 H
NS » sy i
§ & ¥ W
3

{2} The sealing condidon in form of the equaticn axpressing the buisestetion

of Hoes corresponding vayy Inone polat

DI ) R o O Ox e et @
P8 ol ow W &y i ; 5 w' |
H N H H i .
H { PG Pl -
H i i + . fo G
by PR . 3 {
i o = RN e b 235 e X Y
TR W f PO e i b4 W [ & k3% i

¥ i i

in which w7 v w' eprevent rectified photovopedinates € ¢ and § e feotifieating
s made by a rotationsl wabix & with the slome & 16 o wo that

Fad¥N S B X e
£503 PR SR S T
§

¥
{ 3 S5 & &
Yo 2 o3 1
e \ iy

& L-prwe indicates clomonts of comera Loa tvoprine of samera 2, sad g 3
prive of camenn 3By, &Y' and 82 pepeesonmt the R comporents
(XY, By" awd B of moded B

of moadal 1

Furthenmore the fdlowing condiions aee vulid oy convergesd ghorography

{3} Rolative orfentation of the nerecbase model twe FigR) requises the ase

T

1y

i an fdsndieal vay eqration of the form

7% L Y
f & \\, FRey kY
5
S { b
~ . Lk
i ¥ = ¥
;
$ L
L W
X 2 A ’

Fhnragraremetria, I3 IR 3757
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8% & RONELRY
The fagor &
invalvad. .

The iuteoduction of this condition prosupposes thad the by converpent
sameras o @ nogligible separation of thedr aodal polnts, B il & bt e oase
Cor i they sre m properdy synchioaized) (he spaiion dovintes e

{3 Another soplusity squstion

afows for g vadation it photoscsle botwesn both photogiaphs

|y ¥R

3

H

{

3 * g o . TN
& ¥ W < §¥

N

} i

b hos o W H

& 3 H

'*si‘e’fﬁé,

fophaey 2 golation oless 1o ndotvrnimite due o e ot base ¢
¥ BOWS vouia

(5} Thomalors it is more spproprisis 10 use an approsimal i ¥ X
& ¥ onereat the eyl

;\, {“ »\‘ ;(' fs?" Y _:"{"2'3 -r\,
i I
§ § «
¥
5 wut P ¥ e g N
FOE S ; oy C e
ol
2
¥
W { W ;f o 7
(Y < &

whare or, ov and ow we fonclions of the orivotaion of te camea, but due 1o the
small magelude of ¢ they o be ssyg}wﬂﬁldﬁid

S N Fo T Lo N £ £ N Ferw X 4 A
ki £ x\ S oty 8y \ i,f O }," § G !} “* X J § i\
g s; § i '
o8 w Y NN P 3 R I G oy bawwd @
¥ .
3 - e § H i
e T e w0 N f RN § e  f
‘e& PRSI T T ‘j S I I /) R );“ g Y] I

foowhieh ay to o sre o fimz,ms. of e rotatisnad matvx x‘f camera i whw&s
fas bovn rophhand by & e o'l on oy snd o the somponenty of e I’-mi&i
pobnt sepavation, ¢ 0 ooase of an avfentalion ¢ e o ad w & 3 of camnem

L

6 Tn the sorochase moded bwe independont angadar vonditions oan alko be

enfloted avsemdag S the camers calibralion of the conerss relative W sach
wrther i knows 8 prioed sud that 3 romedns stable duieg the ng}c\m:mm & ponetant

‘(

wle & enforced by the equating £7 X o =
¢ Inllowing sonditioss fan aleo be onforee

]

SORYETERIND ANy
03&5 '\‘ﬁ: f2¢

PN Ty
BOXCH = con 8
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EONVEBGRNTY SNSLEFICAL RUAL TRIANSUEATION &7
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CORYEBGENT ANALTTIOAL ARKIAL IREARGULATRN 83
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PETHRIOK DRIENTATION AND CONVERGERY PHOTOURARRY 627
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sxpented theorebioal oy,

ReReeal Ay ok yeb been imwm
3 o dithosities 'm sliaing the

Inrenion URENTaTion EXRORS awn \‘2 it DErotsarnons

?f 8 5 & de e gromnd oo ﬁ:\.v ates, &7, #, F phote soserdinate
sa’, va'ote’ rotated ;;r sl anad ghote oo ~m’a§m
,\im,ﬂ,\, we ave the willka TOWR perspective rel

TP S N, j‘ﬁs
nm,, and 4 an oribogon ai rol tational
it

— s P ¢ it
£ i;\‘-;zé %;\‘»_g }: \H i
} i i S
¥ s a'giw\i‘—‘ '-Bxi = 3;\62"%“
3 SiFEys ¥ ¥
b ¥ 3 3 N
v b i, s
L4 USnd i3y} Fi
i e
A . . o i 5. ¢
Ix g

!"

froum wi\id we s\hm 1 by Bocunisation and (%3%1:3;‘:%;;&&&(3} the nonaplede differential
st between mmdel sc-ordinages f z\ ¥, B and evterior {85, do, da} as well as
erioe onlentaiion demends e’ dy', 4L {\see‘ Figure 1)
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Geocoded digital videography for validation of land cover mapping in
the Amazon basin
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Abstract. TFowr Validation Overflights for Amazon Mosaics (VOAM)} aerial
video surveys have heen carried out in the Brazilian Amazon to provide ground
verification for mapping of wetland cover with the Global Rain Forest Mappiong
{GRFM) Project JERS-1 {Japanecse Earth Remote Sensing Satellite) mosaics of
the Amazon basin. Surveys in 1995 and 1996, acguired with handheld analog
camcorders from small aircraft, were timed to imaging of the GRFM Jow- and
high-water rosaics, and limited to within 600 km of Manaus. For the 1997 and
1999 flights, digital camcorder systems were instalied in the Bandeirante survey
plane operated by Brazil’s National Institute {for Space Research. The VOAMY7
and VOAMYY surveys circumseribad the Brazilian Amazon, documenting ground
conditions at resolutions on the order of 1 m (wide-angle format) and 18 om (zoom
format} for wetlands, forests, savannas, and human-impacted areas. Global
Positioning System (GPS) information encoded on the video audio track was
extracted by mosaicking software that avtomatically generates geocoded digital
mosaics from video chps. On the 1999 survey, a laser altimeter recorded profiles
of terrain and vegetation canopy heights. A validation dataset was compiled from
the videography for a portion of the GRFM mosaics extending 6° by 47 in
longitude and latitude, using randomly selected points along flight lines. Other
apphications of the VOAM videography mclude acquisition of ground countrol
points for image geolocation, creation of a high-resolution geocoded mosaic of a
forest study area, forest biomass estimation, and rapid assessment of fire damage.
Geocoded digital videography provides a cost-effective means of compiling high-
resolution validation datasets for land cover mapping in remote, cloud-covered
regions.
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1. Introduction

The capacity to generate satellite-based land cover maps at global or continental
scales has evolved rapidly over the past two decades, in response to advances in the
ability to receive, process, calibrate, classify, store, and disseminate large volumes of
image data {Cihlar 2000, Defries and Belward 2000}, As the geographic extent of
land cover datasets has cxpanded, the task of acquiring adequate ground verification
for accuracy assessment has become increasingly difficult. Validation strategies that
work well for local studies, such as interpretation of aerial photographs or use of
existing high-resolution maps, become impractical or impossible at subcontinental
or global scales. Instead, a statistically valid verification can be bhased on high-
resolution satelite imagery of a set of randomly selected sample pixels, as in the use
of Landsat Thematic Mapper {(TM) and SPOT imagery for validation of the [ km
DISCover land cover dataset (Muchoney et al. 1999, Scepan 1999). Validation sets
can also be developed using intensively studied sites representative of biome types,
building libraries of multi-sensor, nmlti-scale data; this is the strategy behind the
development of the EQS Land Validation Core Sites {(Justice ef al. 2000). Rather
than being randomly selected, such sites are located to take advantage of long-term
ground and aircraft-based measurements.

This paper describes a solution o0 a subcontinental-scale validation problem that
could not be addressed using satellite umagery or intensive study sifes: mapping
Amaronian wetlands at high-and low-water stages using the Global Rain Forest
Mapping (GRFM ) Project JERS (Japanese Earth Remote Sensing Satellite) mosaics
of the Amazon basin (Rosengvist ef al. 2000). Aerial videography provided a means
of sampling the study arca of more than five million km? at reasonable cost. The
JERS-T Amazon Multi-season Mapping Study (JAMMS) wetlands mapping, a com-
ponent of the NASDA (National Space Development Agency of Japan) GRFM
project and of NASA’s Large-Scale Biosphere-Atmosphere Experiment in Amazdoia
(LBA} project, will provide the first accurate estimates of the seasonal extent of
tnundation and wetland vegetation in the Amazon basin.

Synthetic Aperture Radar (SAR) sensors are well suited for remote sensing of
tropical wetlands, since they penetrate cloud cover and can detect flooding beneath
vegetation canopies; the L-band frequency and HH {horizontal send, horizontal
receive) polarization of the JERS-1 satelite are optimal for mapping of inundation
in flooded forests, which are extensive in the Amazon basin {Hess et al. 1995).
JERS-1 image acquisitions for the two GRFM Amazon mosaics (Chapman er al.,
2002, this issue) were timed to correspond to high-and low-water counditions for the
Amazon River. The classification system used for the wetlands mapping {Hess 1999)
is based on vegetation structure and inundation state, important functional para-
neters required for modelling methane generation and other biogeochemical
processes in wetland ccosystems {Sahagian and Melack 1998,

The typical seasonal variation in river stage along the central Amazon floodplain
near Manaus is about 10m, with daily changes in the range of 10 cm during periods
of peak change (Irion ef af. 1997). Fluctuations in floodplain water levels can cause
farge changes in radar backscattering properties of woody vegetation, since varying
amounts of trunks and canopies are submerged. Properties of aquatic macrophyte
stands are also dynawmic, as floating grasses grow and senesce rapidly (Jusk and
Piedade 1997). The key requirements for an Amazou wetlands validation dataset
are therefore (1) ability to detect both vegetation structure and inundation, even
bencath plant canopies, and {2) simultancity with, or at least seasonal proximity fo,
the JERS-1 imaging dates.
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Use of optical satellite imagery was not an option for the JAMMS wetlands
validation because one of the tmportant cover classes, flooded closed-canopy forest,
cannot be distinguished from non-flooded forest with optical satellite sensors { Melack
er al. 1994}, For cover types that are detectable with optical data, such as open water
or aquatic macrophytes, insufficient cloud-free scenes were available from sensors
such as TM during the GRFM Amaron mosaic acquisition periods of September—
November 1995 and May-June 1996, or during those months in other years.
Although much of the Amazon basin has been mapped at a scale of 130000 or
1:100 000, the thematic information on these maps is not adequate for verifying
classifications of inundated area at high- and low-water stages. Nor was it possible
to extrapolate ground information from intensive study sites, since the few existing
sites cover a very small area and represent a narrow range of wetland types. Acrial
photography was not practical because of the cost of film processing, and the lack
of cfficient means of geocoding and analysing photographic data without using an
expensive photogrammetric camera system.

Beginning in the 1980s, acrial videography has been increasingly used for applica-
tions where the advantages of videography relative to photography. such as lower
cost and immediate availability of data, outweigh the disadvantages, such as poorer
spatial resolution and difficulty of analysis (Meisner 1986, Mausel et al. 1992). King
(1995} provides a comprehensive review of the evolution of video sensors and
applications through the early 1990s. Many gerial videography applications focus
on measurement of transient phenomena such as wildlife populations {(Sidle and
Ziewitz 1990, Strong and Cowardin 1995} and pest infestations {Everitt e al. 1994 );
on mapping dynamic land features such as wetland plant communitics (Jennings
et af. 1992} and coastal landlorms {Eleveld et al. 2000); or on land cover mapping
in remote areas with hmited existing aerial photography and poor infrastructure
(Marsh er al. 1994). The US National Biological Service’s Gap Analysis Program,
which required low-cost, high-resolution, regional sampling of complex plant commu-
nities, was an impetus to the improvement of video survey methods in the early
1990s. An important advance was automatic labelling of video frames with Global
Positioning System (GPS) coordinates, using a time-code generator {Graham 1993},
Georeferencing of the video data made it possible to extend aervial point sampling
techniques developed for 35mm photography (Norton-Griffiths 1988} to aerial
videography (Schultz et af. 1999a; Slaymaker et al. 1996},

In the mid 1990s, innovations in digital technology revolutionized video data
acquisition, storage, and analysis. Two significant events, both in 1995, were the
introduction of digital camcorders priced for the high-end consumer market, and
the development of the IEEE 1394 High Performance Serial Bus (Jennings 199%a,b).
These advances, along with improvements in multimedia capacities of personal
computers, made it possible to acquire high-resolution digital video and transfer it
to a computer with perfect retention of image quality, using non-professional video
equipment.

This paper describes how videography acquired during {our aerial surveys of the
Brazilian Amazon -~ the Validation Overflights for Amazon Mosaics (VOAM)
surveys — was processed to create a training and validation dataset for wetlands
mapping with the GRFM mosaics. Although the primary goal of the video surveys
was to collect ground verification for wetland cover types, we describe some further
applications of the dataset, including acquisition of ground control points for image
geolocation, creation of a high-resolution geocoded mosaic of a forest study area,
{orest biomass estimation, and rapid assessinent of fire damage.
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2. The VOAM surveys

Four video surveys have been carried out to date: VOAMY5 and VOAMOI6,
flown during the GRFM imaging periods for the central Amaron and limited to
areas within 600km of Manaus; and VOAMY7 and VOAMYY, flown during the
same scasons as the earlier surveys and circumscribing the Brazilian Amazon
{table 1). For YOAMO9S5 and VOAMYS, video data were acquired with a handheld
Hi-8 camcorder aimed obliquely from the door or window of a light aircraft, at
flight altitudes of 300-500m. GPS location and local time were recorded by hand
at approximately 1 min intervals. The camcorder display of local time was imprinted
on the videotape, allowing a rough geolocation of the swath. The flight paths
{figure ta) included the floodplains of major whitewater rivers {(ceniral Solimdes—
Amaron, lower Purus, lower Japurd) and blackwater rivers (lower Negro, including
Anavilthanas archipelago; lower Jat); the Balbina Reservoir; interfluvial blackwater
wetlands in the Fan basin; and blocked-valley lakes (Tefe, Mamia).

Acquired nearly simultancously with the imaging dates of the JERS-1 mosaic
scenes covering the survey flight lines (17-28 Qctober 1995 and 24 May to 3 June
1996), the VOAMSS and VOAMYS datasets provide a permanent record of the
floodplain conditions captured by the GRFM Amaron mosaics. Owing to their
hmited geographic coverage, however, it was clear that the 1993 and 1996 flights
would have to be supplemented with additional surveys in order to support an
accuracy assessment of the JAMMS basin-wide wetlands mapping. Furthermore,
video data from the first two surveys has several limitations. Some footage is shaky
or out of focus. Because of the analog video format, tape reproduction or frame
grabbing result in significant loss of image quality, making it difficult {o share the
dataset with munltiple users. Image scale varies across the oblique swath and as a
fupction of aircraft height and camera angle. Although the aircraft position was
recorded pertodically, portions of the video swaths without distinetive landscape
features cannot be reliably located. A follow-up survey was therefore flown in
September and October 1997, timed to correspond as closely as possible to the
JERS-1 acquisition dates in September and Gctober 1995, but covering a greater
area and using an improved camera and geolocation system to address the technical
hmitations of the 1995 and 1996 datasets.

For the VOAMOY7 survey, Brazil's National Institute for Spacce Research (INPE)
agreed to make available their Bandeirante acrial survey plane to acquire a validation
dataset for the JERS-1 wetlands mapping, for a joint INPE/UCSB analysis of the
Amazon floodplain using mosaicked TM scenes {Shimabukuro er @i, 2001 and for
numerous [INPE research projects in the Amaron. Approval was obtained from

Table 1. VOAM survey dates and formats. Dates of JERS-1 image acquisitions for Manaus
region were 17-28 October 1995 (low-water mosaic) and 24 May-3 June 1996
{ high-water mosaic).

Survey Dates Video format Platform Hours
VOAMSS 18 Oct to 9 Nov 1995 One analog, obligue side-looking Rented light aircraft 10
VOAMOSS 21 May to 30 May 1995 One analog, obligue side-looking Rented light aircraft 15
VOAMYT? 25 Sep to § (et 1997 Oue digital, vertical INPE Bandetrante 35
One analog, obligue rear-locking 34
VOAMSS 3 Jun to 24 Jun 1999 Oue digital, verti wide-angle INPE Bandeirante 41
One digital, vertical, zoom 41
Total 176
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Figure 1. GRFM high-water Amazon mosaic and flight paths for VOAM surveys. () Manaus
region, showing survey flight hines for 1995 {red) and 1996 (bluey (b) fhght hines for
1997 {red} and 1999 {blue), with Amaron basin boundary shown in yellow. Major
wetland and savannoa features filmed on 1997 and 1999 surveys includer A, Bananal
wetlands; B, Tucurui Reservoir; €, Marajd Island; B, Amapé wetlands; E, Amaron
fioodplain, Balbina Reservoir; F, Negro floodplain, Branco—Negro wetlands; G,
Roraima savanna wetlands; H, lower Japura floodplain; L, Purus floodplain; I, Homaita
savannas; and K, Guaporé wetlands,

Brazil's Estado-Maior das Forgas Armadas {or an extensive mission. The {ight range
of the Bandeirante made it possible to undertake a comprehensive wetlands survey
of the Brazilian Amazon, covering areas remote fromn any airport. The flight path
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(figure 1b) was designed to sample as great a variety of wetlands as possible, including
the estuary, lower, middle, and upper reaches of the Amarzon River within Brazil;
major blackwater and whitewater tributaries spanuning a wide range of latitude and
longitude; campina wetlands; and major savanna regions. Although wetlands deter-
nrined the general outline of the flight path, video was acquired continuously except
over restricted arcas, thereby sampling a broad range of undisturbed forest and
savanna vegetation, pastures, various stages of {orest regrowth, and urban areas.
The VOAMY7 video system was assembled at the University of California Sasta
Barbara and the Jet Propulsion Laboratory from off-the-shelf components {figure 2).
Geolocation was achieved by encoding GPS location on each video frame using a
Horita GPS3 time-code generator. The time-code generator receives the atrcraft’s

Figure2. VOAMSY7 video sysiem, as mounted jn port of INPE Bandeirante survey plane
{a}. Horita GPS3 time-code generator received signal from Magellan GPS with extern-
ally mounted anicnna (h). GPS position and time code were recorded on audio tracks
of both wideotapes, and in ASCH format on laptop computer. Colour raonitor with
switch box displayed footage from cither camera, with Horita time-code display, in

eal time. Seony DVX-1000 digital camcorder and Sony CCD-TRS00 Hi-8 camcorder
were operated in tandem {rom camera mount custom-buil by INPE (¢ and 4},
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GPS location and Greenwich Mean Time from a GPS receiver. GPS time and
location are then recorded in SMPTE (Society of Motion Picture and Television
BEngincers) format on the audio track of the videotape. The GPS data are also
recorded in an ASCII log file. Playing back the videotape with a VCR and time-
code reader, the GPS time displayed on the monitor can be matched with the log
file to retrieve aircraft longitude, latitude, and altitude.

The primary video dataset was acquired with a digital camcorder using DV
(digital video), the most widely used consumer digital video format. Advantages of
DV over analog video include improved resolution and colour accuracy, lossless
duplication of videotapes and capture to disk, and smaller videotape size (Jennings
1999a). The digital camcorder was positioned in a vertical format to achieve a
planimetric view. A second Hi-R8 {(analog) camcorder in an oblique rear-locking
position was operated in tandem, to provide a broader landscape context for the
vertical format swath. The Hi-8 videotape was also geolocated using the time-code
generator.

The 1999 survey, again in the INPE Bandeirante survey plane, was conducted
using a video acquisition systew (figure 3} developed by the departments of Natural
Resource Conservation and Computer Science of the University of Massachuseits
{UMass) Ambherst {Schultz er al. 1999a). A laser rangefinder (904 nm wavelength)
measured aircraft height above ground or canopy, and an attitude and heading
reference system (AHRS) measured aircraft tip and tilt. Aircralt position could then
be projected to ground coordinates corrected for deviations from a vertical viewing
angle. To tmprove the accuracy with which aircraft position was known, the UMass
systery GPS was upgraded to receive a real-time, differentially corrected GPS signal
from the Omnistar commercial GPS satellite network. Both VOAM® camcorders
were digital and both were vertically oriented, one in wide-angle mode and one in
zoom mode. The camcorders, laser and AHRS were mounted on an INPE-built
frame. Camcorder shutter speeds were fixed at 0.001s (wide-angle) and 0.0005s
(zoom).

Flight lines for VOAM9Y (figure 1) were designed to duplicate key portions of
YOAMOY7 flight lines and to provide coverage of intensive study sites for the Ecology
component of NASA’s LBA project. The LBA portion of the survey focused on
human-impacted areas, including secondary forests, selectively logged forests, and
pastures.

3. Processing of flight and video data

The VOAM videography can be used in its original videotape form, by viewing
it on a television monitor. However, using the videotape medium it is difficult to
compare differcnt sites, make quantitative measurements, create a database of selected
sites, or share data with others. All these tasks are facilitated by transferring the
video data to computer disk and converting it to a non-video format. The Computer
Vision Lab of the Department of Computer Science at UMass has developed a suite
of software tools to automate frame extraction, mosaicking, and geocoding of the
video data and maximize its usefalness for environmental monitoring applications
{Schultz ef al. 1999a, b, Zhu et af. 1999). This section discusses transfer of video data
{rom tape to computer disk and processing with the UMass programs, using the
VOAMYS dataset as an example. A diagram of the processing flow is shown in
tigure 4.
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Figure 3. Diguial video acquisition system for VOAMY9 survey. OroniSTAR real-time, differ-
eptial GPS signal received by Trimble 132 GPS using externally mounted L-band
receiver was converted to SMPTE format by Horita GPS3 time-code generator, for
encoding on audio tracks of digital videotapes. GP5 data were also used for continuows
updating of flight track on navigation computer. Wide-angle and zoom {ormat video-
graphy acquired simnultancously by two Canon XL-1 digital camcorders was recorded
in mini-DV format and viewed using Sony GV-D900 Video Walkman VCRs. Data
streams from Watson Industries BA303 AHRSE (attitude and heading reference system),
Laser Atlantla Advantage laser rangefinder, and GPS were time-stamped and recorded
by flight data acquisition computer for post-flight processing.
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3.1 Flight data processing

The tlight data acquisition computer recorded data streams from the laser alti-
meter (samphing at 238 Hz), the AHRS (11.8Hz), and the GPS time-code generator
{30 Hz, determined by the video acquisition rate of 30 frames per second). Because
of the different sampling rates, the streams were recorded separately, with a system
clock time stamp for cach reading. Post-processing was thercfore required in order
to synchronize the data streams and to resample all data fields to the sampling rate
of the laser. The AHRS and GPS location fields were interpolated between readings.
Since video rate is fixed at 30 frames per second, video time codes {hourminute:
second:frame) were repeated rather than interpolated. Each video frame is thus
associated with multiple laser, AHRS, and GPS location fields. Using AHRS tip and
tilt readings and the laser measurement of distance from aircraft to ground, aircraft
position readings from the GPS were corrected for the offsct between the GPS
antenna and camera position and projected to give the ground positions of the laser
hits. The WGH84 datum was used for all geographical coordinates.

Absolute elevations of laser hits were calculated by subtracting the vertical
distance between aircraft and ground from GPS-determined aircraft elevation. For
portions of the survey flown at altitudes beyond the range of the faser {350-400m
above ground), an alternate flight data processing option allows the user to enter
an estimated ground elevation, from which approximate aircraft-to-ground distance
can be calculated and used to estimate ground position. Ground elevation can be
estimated from a map or from occasional laser returns from highly reflective objects,
detectable at altitudes beyond the normal laser range.

3.2, Capture of video data to computer disk

The date and time of the video footage for a particular site are retrieved using
flight-line vector and attribute files generated from flight logs. Flight Hoes are overlaid
on a georeferenced satellite image and time codes are selected by clicking on points
along the flight-line and viewing their attributes. The videotape is viewed using a
digital VCR (video cassette recorder) with video output routed through a time-code
reader, which displays on the television monitor the GPS time code that was encoded
during the flight on the audio track of the videotape. The user can then advance to
the correct portion of the videotape to capture footage of the target site.

For video capture, the VCR is controlied from the monitor of a computer
equipped with digital video capture card and software, connected to the VOR with
an TEEE 1394 connector. The transfer to computer does not entail decompression
or alteration of the original format; the DY format is retained on disk, and the
transfer is lossless. The DV file may be ‘wrapped’ by the capture software in the
format of a multimedia architecture; for example, the MotoDV capture card used
to process the VOAM datasets wraps DV clips so as to be readable with the
Quick Time multimedia utilities. DV files require large amounts of disk space-—about
13 Gb for 1h of video.

3.3, Frame extraction

Varicus kinds of pmltimedia software can be used to extract the frames {rom a
video ¢lip and create image files for each frame, but they must be modified in order
to retain the GPS information {rom the audio track. The UMass frame extraction
prograr, built on QuickTime {ile-handling utilities, automatically names each image
file wsing the acquisition date and GPS time code and frame number so that the
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fmage filenames alone give an exact cross-reference to the flight log data. The frame
extraction program creates 24-bit BMP files with dimensions of 720 x 480. Each file
is approximately I Mb; a 30s clip reguires about 900 Mb of disk space for these
intermediate files.

3.4, Mosaicking and geocoding

Once converted to image format, the individual frames extracted from the video
clip can be mosaicked into a continuous strip with inexpensive commercial mosaick-
ing programs that use frame matching to build the mosaic. Drawbacks to this free’
mosaic method are that small errors accumulate during the mosaicking, resulting in
large positioning errors towards the end of the strip; changes in scale owing to
topographic relief arc not reflected in image scale; and geocoding of strips (post-
mosaicking, using control points derived from flight logs) is labour-intensive.
However, the mosaicking algorithm in the UMass software {(Zhu er al. 1999)
addresses these problems by using the flight log data to create a globally correct
nodel of the motion track, constraining the propagation of errors. A ‘two-track’
method is employed as follows:

f. Initial registration of frames. Matches within adaptive search windows in
current and reference frames are evaluated using a combination of correlation
{normalized absolute difference) and texture (normalized average magnitude
of the gradient image}. Inter-frame motion parameters are iteratively estimated
using a weighted least mean squares method.

Track generation and refinement. An ‘estimated’ track is generated from the
mitial registration, and an ‘expected’ track {rom the flight log data. The
estimated track will yield a mosaic that is seamless but without geographical
reference, while the expected track will yield a mosaic that is globally consistent
with geographical data from the flight logs, but has discontinuitics between
frames. Comparison between the two sets of inter-frame motion parameters is
then used to refine and update the two tracks.

“Two-track” mosaic composition. The geocorrecied mosaic is built by applying
a line-by-line transformation to the seamless mosaic produced from the
refined estimated track, using the refined expected track to correct accumulated
geographical error frame by frame. The resulting mosaic is globally correct
geographically, but maintains the precise seamless stitching of successive
frames achieved by the initial frame registration.

x

[re

The UMass program used to mosaic VOAMYY video clips outputs the mosaic
as a 24-bit file tn GeoTiff format (Ritter and Ruth 1997). An automatically generated
GeoTill header gives pixel dimensions in metres, and UTM coordinates of the apper
left corner of the mosaic.

3.5, Processing of earlier VOAM datasets

Footage from the 1997 survey was processed in a similar manner to VOAMY9
data. Since the VOAMDY7 system did not include a laser profiler or AHRS, ground
positions of frame centres were assumed to be equal to aircraft positions, and scale
differences due to variations in ferrain elevation were not incorporated in the mosa-
icking. The obligue footage from the 1995, 1996, and 1997 surveys cannot be
mosaicked into geocoded image files as can the vertical format data. However, clips
{rom these datasets can be transferred to compuier disk by first copying them from
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Figure 4.

Processing flow for digital video mosaicking and geocoding
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their original Hi-8 format to DV format videotapes. Frames can then be extracied,
and for some {ootage short mosaics can be constructed. Frames or mosaics can be
approximately geolocated by cross-referencing with flight log data.

4. Characteristics of the video datasets
4.1, Timing of surveys relative io flooding seasonality

The timing of the VOAM surveys and JERS-1 acquisitions relative o Amazon
River stage is shown in figure 5 {or Manacapuru gaunge, located 60 km west of
Manaus. JERS-1 high-water mosaic images for the central Amazon were acquired
at river stages 30-60cm higher than the long-term mean high-water stage, while
low-water mosaic images were acguired at river levels from 2.2m to 2.6 m below
mean fow-water stage. The recurrence interval for river stage as low as that captured
on the JERS-1 low-water mosaic is approximately 10 years. At such stage levels, the
beds of shallow floodplain lakes and depressions usually inundated year-round are
exposed, as are sandbars and other depositional features in river channels {figure 6aj.
Interannual variability in Amazon River discharge appears to be coupled to El
Nifto-Southern Qscillation cycles {Richey e af. 1989).

Because the VOAM9S and VOAMOI6 surveys were carried out during the JERS-1
fmaging periods, floodplain inundation conditions recorded during those surveys
correspoud to those on the wosaics. However, stage levels were about I m higher
during the VOAM9Y survey than during the JERS-1 high-water imaging, and 1-2m
higher for the VOAMY7 survey than for the JERS-1 low-water imaging. Thus, soime
arcas that were inundated during the VOAMY7 survey, particularly in shallow lakes,
were exposed on the low-water mosaie, and some higher areas on levees were dry
on the high-water mosaic but flooded during the VOAMYSY survey. These discrepan-
cies may introduce crrors during accuracy assessment. For the topographically
highest and lowest parts of the floodplain, the VOAMSYS5 and VOAMS6 surveys,
though of lower resolution and poorly geolocated, may provide better training and
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Figure 5. Timing of VOAM surveys relative to Amazon River stage at Manacapuru gauge,
approx. 60 km west of Manaus.
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Figure 6, (o) Capiured analog video frames from YOAMYS survey for Lago Cabaliana {ieft)
and Anavithanas Archipelago of Rio Negro (right). Cabaliana view is west-looking
along northem shore of lake; left portion of frame shows grasses growing on lake bed,
exposed only at below-average low-water levels. YOAMYS7 (low-water, ) and
YOAMIY (high-water, ¢) digital video mosaics are for Arsazon Joodplain site near
Parintins.

0841



1540 . L. Hess et al.

validation datasets. However, given the 13w difference in Amazon River stage
between the low- and high-water mosaics, the VOAMY7 and VOAMYY surveys
adequately represent water levels on the JERS-1 mosaics {or the central Amazon.

The contrast between low- and high-water conditions for a typical Amazon
floodplain site is seen in the two mosaicked swaths shown in figure 6. For this site
near Parintins, vérzea forest stands and individual arger trees appear the same at
fow water (6h) and high water (6¢), while shorter trees and shrubs are submerged at
high water. Areas with bare soil and grass at low water have cither open water or
floating macrophyte cover at high water.

4.2, Resolution and swath width

Flying height for the VOAMO99 survey ranged from 100 to 900 m, with a median
of 350 m. For scgments where laser data was required, flying height was selected to
maximize swath width while remaining within the range of the laser instrument and
below the cloud ceiling. At the median flying height, swath width was about 550m
(wide-angle) and 55m (zoom), with pixel dimensions of about (L75m (wide} and
7.5¢cm (zoom). Resolution of the VOAMY9 video data was in general equivalent to
pixel dimension, with the exception of occasional loss of focus over smooth water
surfaces. On the high-resolution zoom footage, features such as individual branches,
leaves, and grass stems are distinguishable.

Swath width and pixel dimension were similar for the VOAM®S7 vertical format
data, but resolution was lower {or three reasons. First, focusing problems occurred
intermittently during the 1997 survey; during these episodes the camera went shightly
out of focus for a few frames before returning to focus. Secondly, the digital camcorder
used for the 1997 survey used interlaced video, in which odd and even lines of a
frame are recorded at different moments; this can cause blurring when the camera
is moving relative to the target, as in aerial surveys. The progressive scan video used
inn the VOAM99 camcorders does not use interlacing. Thirdly, the high levels of
atmospheric haze and smoke typical of the late dry season reduced the quality of
the 1997 data, particalarly in the oblique format.

For the oblique VOAMOY35 and VOAMOYG datascets, resolution and swath width
were variable, depending on camera angle and zoom factor.

4.3. Geolocation accuracy of VOAMY7 and VOAMO9 data
The absolute geolocation accuracy of mosaics geverated from VOAMY7 and
VOAMSY data is affected by errors from several sources.

1. Aircraft GPS location. For the real-time, differentially corrected GPS signal
recetved once per second during the VOAMYY survey, expected probabilities
of horizontal error are 67-73% that location ¢rror will be less than 0.5m,

95-97% that it will be less than 1.Om, and 99%, that it will be less than 1.5m.

The range of vertical error is 2-2.5 times as great, resulting in a 67-73%

probability of vertical error less than 1.25m, 95-97% probability of error less

than 2.5m, and 99% probability of error less than 3.75m. For the VOAMY7
survey, which was based on noun~differentially corrected GPS readings every

2 s, horizontal error probabilities are estimated at 95% for errors <100 m.

Frame centre location, pre-mosaicking. For VOAM9, calculation of the horn-

zountal offset between atrcraft location and {rame centre location is affected by

errors in GPS-based vertical position of the aircraft, in range to ground

b3
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{measured by laser rangefinder), and in aircraft tip and tilt {(measured by
AHRS). At an aircraft height above ground of 350m and aircralt tip/tilt of
5°, and assuming instrument errors of +2.5m from the GPS, 4+ 15com [rom
the laser rangefinder and +0.3° from the AHRS, the resulting error in offset
calculation would be 3m, 2.5m of which is owing to error in tip/tilt measure-
ment. Adding this to the 1.0m horizontal error achieved 95-97% of the time
for aircralt position yields an error of up to 4m in horizontal positions of
frame centres. Air turbulence would add further error to frame centre location.
The 1997 survey did not include AHRS or laser measurements. Again assuming
an atrcraft height above ground of 350w and aircraft tip/tilt of 5°, a horizonial
Pixel location, post-mosaicking. The amount of error introduced during
mosaicking is estimated to be on the order of two or three pixels, or about
13 m for wide-angle mosaics at typical flight altitudes, for the centre track of
the mosaic. Relative and absolute geolocation errors can be expected to
increase along the margins of mosaics, owing to lens distortions and to terrain
height effects where terrain height varies across the video swath. Optical
distortion models for the lenses used in the two surveys are vot currently
available,

{42

Because of the number of interacting factors affecting geolocation accuracy, and
the large amount of data collected, a comprehensive assessment of geolocation error
is not feasible for the VOAMY7 and VOAM99 datasets. Comparison with field GPS
measurements for a small number of sites indicates that absolute errors are in the
range of 5-10m {1999) and 50-150m (1997} along the centre third of mosaicked
swaths.

4.4. VOAMOY laser data

The laser altimeter recorded the range to the last return from each pulse. At the
sampling rate of 238 Hy, this resulted in about eight laser hits per video frame. The
power of the laser was limited to meet cye safety standards when flown at low
altitudes. The percentage of ‘zero returns’™——pulses for which no return was detect-
able—increased with aircraft height above ground as shown in ligure 7. Over terrain
without standing water, at aircraft heights above ground of less than 200m, less
than 10% of returns were below the detection threshold; zero returns increased to

7% at 300m and 37% at 400 m. Segments with more than 20-30% zero returns
are of limited use for analysis of vegetation heights, but can be used for mosaic
geocoding. Returns from water surfaces varied with water surface roughuess and
presence of sunglint; reflectivity from smooth water surfaces without sunglint was
below detection thresholds. At a range of 350m, the beamwidth of the laser pulse is
approximately 1 m, allowing it to penetrate small gaps in vegetation canopies and
record range to ground or understorey.

Figure & shows a laser profile along a 37 km #light-line segment in the southern
portion of the Roraima-Rupununi savanna region. Beginning on the north bank of
the Cavamé River, the transect cxtends south-west across the river floodplain,
through the outskirts of the city of Boa Vista, and across several streams that drain
south-east to the Branco River. This area 1s part of an extensive, largely undissecie
pediplain, having a low-density, non-orgamzed drainage pattern with closed lakes
{Schaefer and Dalrymple 1993). The flatness of the terrain can be seen in the laser
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Figure 7. Per cent of pulses from VOAMSY laser rangefinder for which no return was
detectable (*zero returns’) as a function of flying height above ground.
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Figure 8. Laser profile of 37 km transect across Roraima savannas {location shown in a).
Flooded waterways with woody vegetation, mainly Mauritia flexuosa palms, are seen
as bright streamn network on JERS-1 high-water mosaic (b), and as flooded depressions
with laser hits from trectops on laser profile {c). Points plotted across top of profile

show areas where flooding is visible on videography.

0844



Global Rain Forest Mapping 1543

profile: ground elevations outside of drainages decrease from 67 m in the north-east
to 65m in the south-west.

Portions of the transect {or which standing water s visible on the videography
are indicated along the top of figure 8. The upland surface is about 15m higher in
elevation than the river channel, and more than 101 above peak flow level for the
river. The presence of standing water in upland depressions and drainageways
indicates that direct rainfall input and local runoff are the primary inputs to surface
flooding, and that seasonality of flooding in areas away from the river floodplain
cannot be directly predicted from river stage. In addition to topography, the laser
profile gives information about vegetation heights, showing shrab heights of 1-5m
and tree heights of 16-15m (palms) and 10-20m (other broadleaved) along the
transect.

8. Use of digital videography (o train and validate wedlands masking and classification
5.1, Creation of the JAMMNS wetlands mask

The JAMMS wetlands mapping is done in two phases: (1} a wetlands mask is
created that excludes all non-wetlands features; (2} the arcas within the wetlands
mask are classified into cover types on both the low- and high-water mosaics.
Wetlands are defined as vegetated or non-vegetated areas that are seasonally or
permanently inundated. The masking and classification steps are being applied to
mosaic tiles measuring 6° of longitude by 4° of latitude (7200 x 4800 pixels at the
JERS-1 mosaic resolution); the JAMMS study arca comprises 24 of these tiles. Here
we describe use of the VOAMYY data for assessing the thematic accuracy of the
wetlands mask for the tile containing the city of Manaus.

The method for creating a wetlands mask from the co-registered low- and high-
water JERS-1 mosaics is described by Barbosa et al. {Barbosa er al 2000}
Discrimination between wetland and non-wetland features based on the radar back-
scatiering coefficient {¢°) of JERS-1 mosaic pixels does not yield good results, since
many wetland and non-wetland features display similar L-HH backscattering
statistics. Examples of wetland/non-wetland pairs with similar L-HH returns include
fiooded palms and urban areas (both with ¢° ranging from -3 to -2 dB); flooded
varzea forest and facing hillsiopes oriented normal to the JERS-1 Iook direction
(6.5 to —4dB}); and aguatic macrophytes and pastures {14 to —~9.5dB}. Such
pairs of features cannot be well separated by pixel-based classifiers using ¢°, texture
of ¢, or ratio of low- to high-water #°; however, they are readily distinguished by
a buman interpreter based on spatial pattern and costext. A hybrid machine-
interpreted and human-interpreted method was therefore employed to generate the
wetlands mask.

The co-registered JERS-1 mosaics were segmented into homogeneous polygons
using a region-growing algorithm, and the resulting polygons were assigned as
wetland or non-wetland after an unsupervised clustering using polygon backscatter-
ing statistics. The image segmentation and polygon-based classification routines used
arg part of INPE’s SPRING software package { Camara ef al. 1996). The antomatic-
ally generated and clustered polygons were edited by a human interpreter. With this
polvgon-based approach, the interpreter can incorporate spatial patiern and context
into editing decisions, which would not be practical with a pixel-based classification.

Classification of a polygon as a wetland was thus based initially on backscattering
values indicative of Hooding on either high-or low-water mosaics, then modified
based on location or spatial pattern indicative of a wetland or non-wetland, as
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jfudged by a human interpreter. Cases where assignment of a polygon as wetland or
non-wetland was in doubt were resolved in most cases by comparison of the mosaics
with TM fmagery or maps. In some instances, VOAM videography was viewed in
order to make an assignment; the video segiments used for this purpose were excluded
from the dataset used for validation of the wetlands mask. The resulting wetlands
mask for the Manaus tile is shown i figure 9 31% of the tile arca is covered by
wetlands. The minimum mapping unit {eguivalent to the minimmum polygon size
specified during the image segmentation) is 50 pixels, or approximately 0.43 km?.

5.2, Creation of the validation dataset

Sample locations for assessing the thematic accuracy of the wetlands mask were
selected by a random sampling of flight times along the VOAMYS survey tracks,
stratified by class {i.c. wetland or non-wetland) and using a minimum time sampling
unit of Ts. Each sample consists of g 100 x 100m area centred on the UTM coordin-
ates corresponding to the randomly selected flight time. Two counstraints were placed
on the sample selection: samples could not be located within 10 flight seconds of
oune another, to avoid overlapping samples; and a maximum of two samples was
allowed within each cell of a 5Sx35km grid superimposed on the tile, to avoid
oversampling areas with multiple flight lines.

The sample size required to achieve a confidence level of 95% aund a precision
of 2.5% for estimation of error matrix components was calculated to be 1286, based
on the multinomial distribution (Congalton and Green 1999, Tortora 1978). Class
proportions of 80% non-wetland and 20% wetland were assumed for this calculation,
estimated from results of a preliminary wetlands masking of six mosaic tiles.
VOAMYY flight lines traversed 13 of the 24 wosaic tiles. Of the 1286 randomly
selected flight times, 145 fell within the Manaus tile (figure 9), which had greater

~
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Figure 9. Locations of validation sample poiots {101 non-wetland, 44 wetland) on Magaus
wetlands mask.
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than average flight coverage. This represented 0.5% of the sample pool of 30,051
flight tmes within the tile, after excluding survey segments referenced during mask
editing.

Ten-second wide-angle and zoom video clips centred on the randomly selected
sample times were saved to disk and the samples were labelled as wetland or non-
wetland, with the exception of samples for which {(a) the aircraft was banking at a
steep angle during a turn (about 4% of the randow samples); (b} the ground was
obscured by clouds, smoke, or closure of the belly port during rainfall (3% of
samples); (¢) the sample could not be identified as either wetland or non-wetland
(7% of samples); or (d) the sample area fell directly on a wetland/non-wetland
boundary (less than 19 of samples). Labelling was based solely on the video record.
Samples were labelled as wetland if they were flooded during the VOAM99 survey,
or if they had vegetation types or geomorphologic traits diagnostic of Amazonian
wetlands, even though they were not flooded during the video survey.

Areas flooded during the survey were readily detected in most cases, cither by
sunglint from water surfaces (seen through canopy gaps in flooded forestsy, or by
reflections of sky, cloud or airplane in the water surface. Flooding was more difficult
to detect on overcast days. In some campina wetlands {blackwater wetlands on white
sand), patches of bare, dry sand were difficult to distinguish from sunglint or cloud
reflections. Some flight-line orientation and sun angle combinations were difficult to
interpret, especially at higher flight alttudes.

Labelling a sample as non-wetland was more time-consuming than labelling a
wetland sample, since it required confirmation of the absence of flooding, and since
upland forest or shrub canopics may superficially resemble wetland canopies. In
many cases, it was necessary to view the zoom as well as the wide-angle footage, to
verify lack of flooding by close viewing of ground features in capopy gaps. For
footage shot at high flight altitudes and low sun angles, ground features were likely
to be obscured by shadow, making it difficult or impossible to rule out the presence
of flooding.

Since the JERS-1 high-water mosaic and VOAMYY survey were timed to peak
high water {or the contral Amazon, it is not surprising that for the Manaus tile, all
samples labelied as wetland were identifiable on the video by the presence of looding.
In parts of the Brazilian Amazon with a different seasonality of inundation, wetlands
may not have been flooded during the VOAMYIY survey. In those cases, distinctive
vegetation, or geomorphologic features such as meander scars and oxbow lakes, will
atd in labelling wetlands samples that were not flooded during the survey.

For each of the 145 sample points, the validation dataset record consists of the
wide-angle and zoom video clips in QuickTime format, mosaicked wide-angle and
oo strips in GeoTHfl format, and flight log data in ASCI format. Figare 10 shows
the geocoded wide-angle mosaic and an enlarged portion of the zoom mosaic for a
sample located in a campina wetland near the confluence of the Negro and Unind
rivers, and inundated during the video survey. The video clips, which require large
amounts of disk space, arc retained as part of the sample record because flashes of
sunglint and reflections in the water surface are much more obvious in the dynamic
video format than on the static mosaics.

5.3. Adssessment of thematic qdccuracy of the wetlands mask
The error matrix for the Manaus tile validation is shown in table 2. For cach of
the 145 sampiles, the videography-based class assignment {(wetland or non-wetland)
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Figure 1. Validation sample for JAMMS wetlands mask, Manags tile. Interfluvial wetland
on white sand near confluence of Negre and Unim rivers, 18 June {999, The lha
sample 13 centred on a randomly selected point along the fhight line {¢) Mosaic of 103
YVOAMY9 flight segment {wide-angle), showing flight line (red} and sample area
{vellow). Wetand/upland boundary extends diagonally from fower right to top centre
of mosaic. The smooth texture of the campina wetland contrasts with the rough texture
of the upland forest canopy. (5} Location of sample on VOAMY9 flight line, plotted
on wetlands mask (white=wetland, grey =non-wetland}. (¢} Portion of zoom mosaic,
with blackwater inundation visible through mixed shrub and palm canopy.

was compared with the classification of that 1 ha area on the wetlands mask. Four
of the 101 non-wetland samples were misclassified on the mask as wetland, and one
of the 44 wetland samples was misclassified as non-wetland, an overall accuracy of
96.5%. Producer’s accuracies {or non-wetland and wetland were 96% and 98%,
respectively; producer’s accuracy estimates the probability that a given reference
sample has been correctly mapped on the wetlands mask. User’s accuracies, which
give the probability that a given mask sample has been correctly mapped, were 99%
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Table 2. Error matrix, producer’s accuracy, and user’s accuracy for Manaus wetlands mask,
hased on reference data derived from YVOAMSY digital videography.

Reference data

Non-wetland Wetland Total

Wetlands mask Non-wetland a7 i ¥

Wetland 4 43 47

Total 101 44 145
Producer’s accuracy User’s accuracy
Reference Per cent Mask Per cent
Non-wetland g6 Non-wetland 39
Wetland g8 Weiland a2

Overall accuracy = 140/145 =96.5%.

for non-wetland and 92% for wetland. Al msclassified samples were either located
within one to two pixels of a polygon boundary or were located on features smaller
than the mimmum mapping unit used for the wetlands mask, e.g. small non-wetland
istands or peninsulas surrounded by wetland. Thirty per cent of the 145 reference
samples for the Manaus tie were wetland. This is a higher wetland cover than the
20% estimate for the study area as a whole because the Manaus tile bas a higher
than average concentration of large river floodplains, and is nearly equal to the 31%
wetland cover estimated by the mask for the Manaus tile.

Although the video-derived validation samples were randomly selected from
VOAMOYS flight times, the 8ight lines themselves were purposefully located to maxim-
ize wetland and LBA site coverage while minimizing total flight distance. The
validation datasct therefore must be considered a probability sample of the subregion
covered by the videography, but a nonprobability sample of the study region as a
whole (Stchman and Czaplewski 1998}, Given the large arca and small number of
airports in the study region and the desired focus on wetlands, systematic or random
tocation of the flight lines was not practical. The area covered by the survey can be
viewed as representative of the study area in that the flight paths were designed to
sample the full range of wetland types of the Brazilian Awmazon, but cannot be
proven to be representative in a statistical sense. Further videographic surveys are
being planned to obtain coverage over large Amazonian wetlands for which the
VOAM survey data (confined to Braml) may not be representative, such as the
Marafion—Ucavali palm swamps of Peru and the Bolivian Lianos de Moxos.

5.4. Training of classification algorithms for JAMMS wetlands vegetation and
inundation mapping

The second phase of the JAMMS wetlands mapping-—classification of the areas
within the validated wetlands mask into vegetative-hydrologic classes-—is ongoing.
After a second image segmentation of the co-registered mosaics (excluding the noun-
wetland portions), statistics are exiracted for the segmentation-based polygons. A
rules-based classifier is then derived based on a training set of segmentation-based
polygons, and applied to the full set of wetlands polygons. The vegetative—hydrologic
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classes are based on vegetation structure and inondation state {open water, bare
ground, non-flooded or flooded herbaceous, non-flooded or flooded woodland, non-
flooded or flooded forest). For some of the wetlands classes, JERS-1 backscatiering
statistics are not unigue on a single date, but can be distinguished using the two-
date signature. For example, the VOAMOYY flight segment shown in figure 11 traverses
three training polygons on the segmented two-date mosaics. The median backscatter-
ing coeflicients (¢”) for polygons A, B, and C respectively are —7.3dB, —6.0dB, and
—7.3dRB at low water, and —5.6dB, —7.3dRB, and —7.9dB at high water.

The videographic record aids in interpreting these signatures and correctly train-
ing a classifier. The wide-angle and zoom {rames show that polygon A is closed-
canopy varzea forest, for which ¢ increases from —7.3 to —5.6dB when the forest
is flooded at high water. This increase of 1.7dB is expected because the smooth
water surface in the flooded state acts as a specular reflector, enabling strong double-
bounce returns from tree trunks and branches {(Hess er al. 1995). Polygon B, occupy-
ing a topographically lower position, 1s an open woodland which remained flooded
at low water and had macrophyte cover and some open water at high-water stage.
High-water backscatiering decreased for polygon B because some of the trees and
shrubs that were contributing to double-bounce scattering became submerged at
high water. The cover at polygon C is seen on the high-water video frames to have
roughly equal amounts of open water and aguatic macrophyte, with scatiered trees;

Figure 11, Mosaicked YVOAMYY strip (30s), and individual wide-angle and zoom frames
at locations A, B, and €. Amarzon floodplain near Lago Cabaliang, 11 June 1999,
Traosition from vdrzea {orest on levee {4}, through woodland savanna with floating
macrophyte {(8), to sparse woodland savanna with floating macrophyte {C), 1o open
fake water.
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at low water, the cover would be similar to that of polygon B at high water {and
the backscattering cocefiicients confirm this). Backscattering decreases tor polygon C
at high water, as some of the emergent woody scattering clemenis are submerged
and the per cent open water cover is higher. That unflooded forest (A, low water)
as well as flooded open woodland and aquatic macrophyte (B, low water; C, high
water) have a median ¢° of —7.3dB shows the importance of using multi-temporal
data for wetland mapping with L-HH SAR data and the usefulness of videography
for correctly interpreting the JERS-1 data to train classifiers.

VOAMSYS and VOAMIS (non-digital} videography is being used to locate train-
ing sites for classes not well represented on the VOAMY7 and VOAM9Y surveys.
Because water levels were 1-2m higher during the 1997 and 1999 surveys than
during the 1995 and 1996 JERS-1 imaging, the inundation states of areas such as
lake beds and sand bars exposed at low water, or high levee forest that remained
dry at high water, are best determined from the contemporancous 1995 and 1996
videography.

6. Further applications of the VOAM data
6.1. Location of ground control points in remote regions

Effective use of geocoded video data as a validation dataset assumes the accurate
geolocation of the satellite imagery with which the video data is being compared.
Hrrors in geolocation of satellite imagery can significantly affect validation results
for land cover mapping (Husak e al. 1999). Geocoding of the GRFM Amazon
mosaics was accomplished by incorporating ground control points from 1:100000
and 1:50000 scale maps into the mosaicking process {Siqueira ef al. 2000). While
such maps exist for much of the Amazon basin, there is a coverage gap for a large
portion of the western and north-western part of the basig, including much of the
Manaus tile. Since the scale of the maps currently available for this region is too
coarse for use i geocoding the mosaics, the map-based ground control points for
the mosaic geocoding were supplemented with ground control points located on
video mosaics created from VOAM9 survey data. An example of a ground control
point used for the Manaus tile is shown in figare 12. Although relatively few features
ar¢ both small enough to locate to within one to two pixels on the 100m JERS-1
mosaics, and large and distinct enough to appear clearly on the mosaic, incorporation
of a few such points can significantly increase the accuracy of geocoding for arcas
lacking accurate maps. With high-resolution optical imagery such as TM, matching
of control points between satellite video images s easier, and the geocoded video-
graphy offers a practical means of building a database of ground control points in
remote regions.

6.2. High-resolution mapping of long-term study sites

The high dynamic range and continuous automatic aperture and gain adjustments
of digital video cameras allow them to adapt to rapidly changing light conditions
and capture a reasonable representation of the ground even under a pichald sky.
Good quality two-dimensional mosaics can thus be constructed from multiple 8ight
tines acquired under widely varying light conditions. This capability was demon-
strated during VOAMB99 for the site of the Biological Dynamics of Forest Fragments
Project (BDFFP), a collaborative rescarch effort between Brazil's National Institute
for Amazounian Research {(INPA} and the Museum of Natural History of the
Smithsoman Iostitution. The BDFFP sue is also currently the focus of an LBA
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Figure 12. Control point at confluence of small channel and oxbow lake, located on (@)
mosaicked video strip, {h) JERS-1 mosaic, and (¢} Landsat TM scene. Japurd-Solimdes
foodplain (65.7974W, 2.22045}, 19 June 1999, Maps are not avatlable for this region
at scales larger than 1:250 000,

forest biomass investigation. Nearly complete coverage of the hilly site north of
Manaus was acquired under broken cloud cover at 3000 m above ground. Over a
period of 2.5 b, seven flight-lines were flown 1o a pattern that provided 50% side-lap
for the wide-angie camera coverage of the 40x 10km area, and three of those
fines were flown again at low altitude to obtain laser coverage. The higher-altitude
video swaths were mosaicked using the methodology previously described. The
georeferenced mosaic strips for each flight Hine were then rectified to each other and
mosaicked together using the commercial GIS software TNTMIPS, producing a
digital orthoimage with a resolution of 1.8 m and horizontal geolocation accuracy
of approximately 6 m (Hayward and Slaymaker 2001). A portion of the orthoimage,
which is being used as a research site map, is shown in figure 13

6.3, Forest biomass estimation

The coverage of the BDFFP site 1s also being used in an ongoing project at the
University of Massachuseits to develop a methodology for estimating standing
biomass in tropical forests {rom aerial videography. A modification of the UMass
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Figure 13. North-west portion of high-resolution digital ortheimage of BDFFP site,
prepared from seven VOAMSS flight lines. Pixel dimensions 1.8 m.

mosaicking program is used to produce video strips in siereo pairs. Whereas the
standard georeferencing prograw extracts a few lines from the centre of each video
frame to construct its continuous swath, the sterec modification extracts two sets of
lines from the leading and trailing portions of ¢ach frame, cousiructing scparate
mosaic strips that are a consistent epipolar pair. These strips can then be registered
to the ground using the georelercnced centre sirip and elevation data {rom the
laser, viewed using software such as ERDAS Stereo Analyst, and used to make
measurements in 3D space (Slaymaker ef al. 1999 ).

The BDFFP study is based on 66 permanent, | ha study plots located in countinu-
ous forest and in forest fragments ranging {from one to 100ha in area. Tree crown
diameters, tree heights, and diameter at breast height (dbh) of trees within each site
have been measured, and their biomass has been calculated from allometric equations
that use dbh as the significant measurement {Laurance et af. 1998}, Several of these
sites were {raversed by low-altitude VOAM9Y flight lines, with zoom coverage at
7 e resolution. From these data, 3D model sinips were constructed and wused to
estimate the above-ground biomass of the sites by calenlating the average dbh per
hectare (Hayward and Slaymaker 2001). Lincar 1 ha plots were delineated across
these sites on the zoom mosaics and best-fitting ellipses drawn in 3D space around
every i{ree crown to caleunlate its average diameter. These crown measurements were
then used to cstimate the dbh values of those trees using a regression equation
developed from BDFFP field data which correlated tree crown area to dbh. The
average of the calculated dbh values for each site was compared to the actual average
dbh for that site as determined f{rom the BDFFP ground measurements, and good
agreement was found between the average video-calculated dbh values and the
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ground-measured values. Given the case and speed with which aerial measurements
can be made from the high-resolution 3D video model as compared to ground
surveys, this approach may greatly increase the efficiency of monitoring programs
that calculate regional biomass values to estimate the amount of sequestered carbon
(Slaymaker e al. 1999 ).

6.4. Rapid assessment of tropical forest fives

The frequent repeat cycle of coarse-reschution sensors such as the DMEP ( Defense
Meterological Satellite Program) Operational Linescan System {OLS) makes them
effective at monitoring large fires (Fuller and Fulk 2000). Fine-resolution monitoring
is problematic in the tropics, however, because the longer repeat cycles of higher-
resolution sensors, combined with the presence of smoke or clouds, can result in few
satellite tmages suitable for rapidly cstimating fire extent and damage. Geocoded
videography was shown to be useful in an INPE multi-sensor assessment of damage
to forests folowing the severe 19971998 fire season in the state of Roraima, Brazil
(Shimabukuro er af. 1998). In that study, an cquivalent to the VOAMOYT system was
flown on the INPE Bandeirante after the ounset of the rainy season brought an end
to widespread fires. Brazilian governmental agencies urgently needed to assess fire
damage to forests, but cloud cover prevented the use of optical satellite imagery.
Flying below the cloud ceiling of 10001200 m, the INPE plane sampled areas that
had been identified by Brazilian Army fire crews and on DMSP-OLS mmagery as
having a high {requency of fires.

Interpreters were easily able to distinguish burncd from unburned areas on
mosaicked video strips, though automated interpretation was not possible owing
highly variable scene dllumination caused by ntermittent cloud cover. Two degrees
of fire damage to forests could be determined from the videography: surface fires,
which affected mainly the forest understorey; and canopy fires, which burned most
of the overstorey as well as undergrowth and would require an extended period for
{orest recovery, possibly leading to significant changes in forest composition. Patterns
of fire spread from agricultural clearings to surrounding forest could also be studied
on the video mosaics. In the INPE study, the videography provided independent
confirmation of estimates of burned forest area derived from Landsat imagery
obtained several months after the end of the fire scason.

7. Conclosion

Development of fand cover validation datasets often involves a series of comprom-
ises, necessitated by limited financial resources as well as by physical constraints
such as cloud cover, remote location, and dynamic ground conditions. Aerial video-
graphy helps overcorme some of these limitations by providing a way o obtain
high-resolution digital imagery from remote areas under cloud cover, at reasonable
cost. When many hours of footage are collected, the ability to automatically geolocate
and mosaic the video data becomes critical for effective analysis; the hardware and
software described here for the VOAMY7 and VOAMOI9 surveys were shown to
meet this requirement.

The surveys documented changeable features such as inundation state under
conditions the same as or similar to those prevailing during the GRFM Amazon
mosaic acquisitions. Coverage was obtained for areas representative of the {full range
of wetland types found in the Brazilian Amazon, as well as for primary forest, forest
clearings, and savanuas, locatable to within approxamately 10 m (VOAMY9) or 100m
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(VOAMDY7) of the true location. Using the VOAMSYY dataset, a methodology was
demonstrated for acquiring a randomly selected set of validation samples for a
frequently cloud-covered area extending 6° by 4° in longitude and latitude. Further
applications demonstrated include obtaining control points for image geolocation,
creating high-resolution digital orthoimages of intensive study sites, estimating forest
biomass, and assessing fire damage to forests. To our knowledge, the VOAM surveys
are the first to obtain a high-resolution, geocoded validation dataset for a subcontin-
ental-scale tropical region. The resulting validation dataset is now being used by
INPE and LBA investigators. We expect that it will not only serve as a validation
source for wetlands mapping with SAR and optical data bat will provide a benchmark
{or long-term ronitoring of vegetation in the Brazilian Awazon,
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IMAGE PROCESSING IN THE GRASS GIS
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ABSTRACT

The UNIX-based public domain raster GIS
named GRASS has some excellent user friendly
programs for the import and export of data,
and several kinds of image processing for band
files and/or maps including: spatial filtering;
arithmetic combination (band ratios, etc.); Fast
Fourler transformation, band space trans-
formations (principle components, canonical
components, etc.); classification (supervised
and unsupervised); and rectification or geo-
referencing. All raster processing programs
can be applied to all raster images and maps in
GRASS data bases; all use the low level GRASS
library to insure portability and future -com-
patibility; and all are executed by commands
using standard GRASS and UNIX syntax.

image processing, GRASS, geographic infor-
mation systems, GIS

GENERAL DESCRIPTION OF GRASS

Since 1983 the UNIX-based GRASS (Geo-
graphic Resources Analysis Support System)
geographic information system, developed and
maintained by the Construction Engineering
Research Laboratory (CERL) of the U. S. Army,
has evolved into a very powerful, public
domain, raster based GIS with a full range of

single-layer and multi-layer map analysis tools.

It also contains a number of import/export and
map drawing functions which accommodate
vector and point data types, as well as raster
type. Recently, several programs have been
added to integrate the GRASS usér's
environment with a relational data base
management system for point and vector data

types.

. .were contained in an external

2227

IMAGE PROCESSING

Some image processing functions have been
available to. GRASS users since the devel-
opment of version 1 in 1984, however these
"GRASS-
IMAGERY" software module for data from
satellite and photographic sources only; data
layers developed in the main "GRASS-GRID"
module could not be processed with the image
enhancement and classification routines.
Today, in versions 3 and 4, all raster analysis
functions, including those traditionally viewed
as "image processing," are contained in a single
comprehensive set of software tools which use
the same low-level library functions for file
access and graphics display and are executed
by commands with consistent user interfaces.

GRASS image processing functions can be
grouped into seven categories: import / export,
spatial domain transformations; frequency do-
main transformations, band/color space trans-
formations, classification and rectification. All
functions can be used on any raster image or
map in any logical order; e.g., classification can
be used either before or after rectification. In
addition, any non-"image processing" analysis
function can be used en image bands when
appropriate. Individual cell values may be up to
4 byte integers in most current workstation
imple- mentations of GRASS, and disk storage
is automatically reduced by a run length
encoding algorithm.

Program names are marked by italics and.
programs marked with the + symbol have been
recently added to GRASS by us.

IMPORT / EXPORT

GRASS has routines.to automatically read
Landsat Multi-Spectral Scanner (MSS) and
Thematic Mapper (TM) data.” TM distribution
tapes may be in either band sequential or band
interleaved formats. SPOT Imagery, NHAP
(National High Altitude Photography) and other
“raw raster” data formats are all imported from

CH2971-0/91/0000-2227$01.00 © 1991 TEEE
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tape or CD-ROM by a routine which queri¢s the
user for necessary information .such as tape
block size and the number of bytes per cell.
UNIX utility programs are used to accomplish
functions such as byte swapping-and removal of
unnecessary end of line characters. Raster
images can also be input from text files (ASCII)
where each row of an image is a string of space
separated numbers with new-line characters
marking the end of each row. Vector data in a
number of standard formats can be imported
into GRASS and converted raster maps.

Because the data compression routine in
GRASS can be processor dependent, for export
the decompress function is normally run to
produce a binary file of the size rows*cols«bpc
bytes (where bpc is the number of bytes per
cell required by the largest cell value in the
image). The resulting file can then be
exported via tape, modem, etc., using UNIX
tools to transfer the data to another GRASS site
or other image processing/GIS system.
Supporting information such as color tables,
descriptions of cell values, histograms -and
geographic location data are stored in GRASS
as text files and may be transferred directly to
other sites or printed. GRASS also has
routines to convert raster images to vector
maps and these can be exported in a variety of
" formats, e.g., DLG-3, ARC/INFO, AUTOCAD-
DFX . _

'SPATIAL DOMAIN TRANSFORMATIONS

Normal image filtering for smoothing, feature
enhancement, etc., can be accomplished by
several functions in GRASS. Gmfilter performs
the standard function of convolving an odd
sized square matrix of user-defined factors to
an image or cell map, summing the-products
and dividing by a user-defined value to
calculate a new value for each, cell i an output
image, A choice between sequential or parallel
processing of cells is given. The neighbors
program also works on the basis of a
matrix-like neighborhood around each cell, but
offers' a choice of several filter algorithms,
some of which cannot be accomplished with
Gmyilter, e.g., mode, interspersion, maximum,

minimum;, or diversity.

General purpose arithmetic computations can
be done on all GRASS raster maps and- images
with Gmapcalc. This function-provides a

combination of arithmetic (addition, sub-.

traction, multiplication, division and modulus)
operators, ‘logical (and, or, not, and if-then-
else) operators and transcendental functions
(trigonometric, exponential and logarithmic).
Operands for the calculations can be constants
(integer or floating point}, cell values from the

image or map, or:logical constants (true is 1

and false is 0). Up to 15 maps and/or images
can be used in a single Gmapcalc .expression to
produce a new image or map. Each cell, row
by row, is ecalculated in turn. Two examples
will indicate the power of Gmapcalc.

2228
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To compute a new Image which is the average
of three band file images:

Gmapceale aver.123=(band1+band2+band3)/3

Or, to produce an elevation model in feet, from
one in meters:

Gmapcalc elev.ft=clev.meters * 39.4 / 12.0

Recent additions to Gmapcalc provide for the
optional specification of a cell on each input

-map relative to the current one being
computed (offset by a number of rows and/or
columns) to be used as an operand. This
makes it possible to calculate slope and aspect
maps from digital elevation models or perform
the image filtering like Gmfilter with greater
flexibility (exponential or logarithmic scaling
for example). Very complex modeling calcu-
lations can be implemented using Gmapcalc.

Gmapcalc is commonly used to calculate band
ratios to enhance some features of Interest in
an image. And can be used to perform many
other types of image enhancement.

FREQUENCY DOMAIN TRANSFORMATIONS

Many image defects such as bad or missing
scan lines or periodic noise are difficult to
remove with filters in the spatial domain, but
are dealt with more easily in the frequency
domain.

A Fast Fourier Transform (FFT) program, Gfftt
and its inverse Gifftt, have recently been added
tc GRASS by us. The precision required to
perform the inverse FFT is maintained by
saving double precision floating point copies of
the real and imaginary components of the FFT
as well as creating scaled integer real and
imaginary component images for viewing,
masking, etc., by the user. Rectangular images
can be processed by Gfft and Gifft; they are
zero-filled- in each direction to create a
rectangle whose sides are an even power of
two. The transformation is computationally
intensive, but our implementation uses an
algorithm of order N logo N originally devised

by N. Brenner of Lincoln Laboratorlies.

Using the FFT routines, a zero-crossing edge

detection filter has been implemented, Gzct,
based on the Laplacian of the gaiussian function.
The user can control the width and threshold
of the gaussian filter as well as the number of
directional (azimuthal) categories in the
product image. :

High and low pass frequency filters can be
performed on an image band by using Gfft to
transform the image into the frequency’
domain, then using the standard GIS masking
function to mask out the high or low frequency
components and finally using- Gifft to transform

- the masked frequency domain image back into

the spatial domain.



BAND/COLOR SPACE TRANSFORMATIONS

The following band and color space trans-
formations have been recently added to GRASS
by us. The first two band space transforms,
Gpcat and Gceccecat, depend on statistical
information taken from the image to
determine the parameters ' of the
transformation. The third transformation,
Grgb.to.hist, treats the image bands as color
components and performs a color space
transformation.

The program Gpca has been developed to
compute N (where 2 £ N < 8) principle
component image bands from N input image
bands. Principal components analysis uses a
linear combination of the bands to transform a

set of correlated bands Into a set. of °

uncorrelated bands.
the information content of the multiple input
image bands in the first few output image
bands, typically leaving noise-like data in the
last few output bands.

The Gcecca program performs a canonical
components transformation on N (where 2 £ N
< 8) input image bands and a set of training
regions to compute N output image bands.
Canonical compornients analysis uses a linear
combination of the input image bands that
maximize the separability of the training
regions to generate the set of output image
bands.

The Grgb.to.his program (and its inverse
Ghis.to.rgbt). perform color space

transformations on the image bands. Each of
these programs take three input image bands
and generate three output image bands.
Grgb.to.his treats the three input bands as the
red, green and blue components of the image
and produces the three output bands as hue,
intensity and saturation.

IMAGE CLASSIFICATION

The GRASS programs i.cluster and i.classt
provide for the generation of sets of class
(category) signatures from up to 8 input bands.
In t.class the user graphically selects the
training area (supervised classification) to
define each class and is then shown all the
regions of the image that match the signature
using a parallelapiped classification method.
t.cluster generates a set of signatures by an
"unsupervised" method; the user can specify
the maximum number of classes and the
percent convergence in the iterative
assignment of cells to classes. Seed signatures
for iLcluster can be taken from iclass, previous
Lcluster results or entered by hand.

This process condenses

2229
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A singlé "classifier" program, {.maxlik,
processes the signatures and the image band
files to create a final classified image using a
maximum likelihood method. Other classifier
algorithms could be added to GRASS by users
with C programming experience. (The
complete source code of GRASS is distributed
to all users.} .

RECTIFICATION

The conversion of raw images into geographic
coordinate systems, known as rectification or
georeferencing, combines translation, rotation,
scaling and differential stretching. - Three
GRASS programs are used to accomplish this.
The first is Ltarget in which the user identifies
the data base into which the rectification will
be done; this "target" data base is typically one

with maps in the UTM coordinate system.
Second, the i.points program is used to
associate "true" ground coordinates with a
number of specific cells or points on the
image(s) to rectify; typically 15 to 30 points
are desired for superior results. Then the
i.rectify program is run which rectifies
designated image bands and/or processed
image band products into the target data base.

CONCLUSIONS

Image processing using the GRASS GIS offers
many possibilities for enhancement and
transformation of image bands. The versatility
of programs like Gmapcalc and neighbors
coupled with the special purpose commands
like Gpca and Gecea provide a rich set of tools
for the user. In addition, because of the UNIX
operating environment underneath GRASS the
user and/or programmer can readily build shell
scripts (batch files) that allow a series of the
image processing commands to be executed as
a single command. This leads to an extendible
and user customizable environment which is
quite powerful.
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Preface

This text reviews the art and science of applying digital image processing techniques
to remotely sensed imagery for the purpose of extracting useful earth resource informa-
tion. Remotely sensed images of selected types of terrain are used to demonstrate
the image processing topic under consideration. Whenever possible, the imagery is
held constant, allowing the reader to compare the effect of applymg various digital
image processing techniques.

The level of the material presented assumes that the reader has completed either
an airphoto interpretation or remote sensing course. The digital image processing
algorithms are presented using mathematical notation. Whenever practical, the author
works through the digital image processing manually to demonstrate how an algorithm
is applied. The treatment assumes that the reader has a reasonable background in
college algebra and univariate and multivariate statistics. The text can be used in
an undergraduate or graduate one-semester course of introductory digital image pro-
cessing, where the emphasis is on earth resource analysis. The digital image processing
techniques presented are multidisciplinary in nature. They can be used in most earth
science and social science research by scientists who believe that the analysis of re-
motely sensed data by computer may benefit their decision-making capability.

Listings of computer programs that perform many of the fundamental image
processing functions are provided in Appendix A. The author assumes no liability
for the accuracy of these programs, although great care was taken in their preparation.
Please correspond with the author if you have suggestions concerning the image
processing software. The programs are provided for the benefit of the reader, who
may freely copy and use any and all parts of them. The author simply requests
that their source be referenced when they are used for remote sensing research or
educational purposes.

Xi

0885

OFEK 06683



Acknowledgments

The author gratefully acknowledges the support and facilities of the Department of
Geography at the University of South Carolina. Joseph Holmes of the department
assisted in the design and drafting of the line drawings. Michael Hodgson assisted
in the development and programming of the SENSOR digital image processing pro-
grams listed in Appendix A. Dr. Julian Minghi, chairman, provided resource support.

The American Society for Photogrammetry and Remote Sensing, the American
Congress on Surveying and Mapping, the Association of American Geographers,
and American Elsevier Publishing Company granted permission for the author to
extract copyrighted material from his papers published in Photogrammetric Engineer-
ing and Remote Sensing, The Manual of Remote Sensing, The American Cartographer,
The Annals of the Association of American Geographers, The Professional Geographer
and Remote Sensing of Environment.

The high-resolution thermal infrared imagery of the Savannah River was ob-
tained by the E. G. & G. Energy Measurements Group located in Las Vegas, Nevada.

The author appreciates the efforts of several anonymous reviewers, as well as
those of Dr. John E. Estes and Earl Hajic of the University of California at Santa
Barbara. Mr. Arthur Hamparian provided valuable technical and production assis-
tance.

xiil

0886

OFEK 06684



Introductory Digital
Image Processing

0887
OFEKO06685



Introduction to Digital Image

Processing

WHY COLLECT REMOTELY SENSED IMAGERY?

Earth scientists actively collect earth resource data to test hypotheses and simulate
or model the environment. They collect the data using either in situ or remote sensing
methods. One method of in situ data collection is to have a researcher located at
the study area who is observing or questioning the phenomena under investigation.
This often takes place in human geography and other social science research. In
situ data collection may also be performed using transducers that are placed in direct
contact with the phenomena of interest. Data recorded are normally analog electrical
signals with voltage variations related to the physical variations measured. Often
these data are transformed from analog signals into digital values using analog-to-
digital (A-to-D) conversion procedures. Literally hundreds of types of transducers
are available (e.g., thermometers, seismographs, and psychrometers). Measurements
from these sensors provide much of the data for physical geography and other earth
science research,

Remote sensing, however, departs from the aforementioned data collection meth-
ods because the sensor is remote from the phenomena; that is, it is not in direct
physical contact with it (Colwell, 1984). Remote sensors usually record electromagnetic
radiation (EMR) which travels at a velocity of 3 X 108 m s™? from the source, directly
through the vacuum of space or indirectly by reflection or reradiation to the sensor.
As such, EMR represents a high-speed communications link between the sensor and
remotely located phenomena. Changes in the amount and properties of the EMR
become, upon detection, a valuable source of data for interpreting important properties
of the phenomena with which they interact (Suits, 1983). Other types of force fields
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2 Introduction to Digital Image Processing  Chap. 1

may be used in place of EMR, including sound waves; however, the majority of
remotely sensed data collected for geographic applications are the result of sensors
that record electromagnetic energy (Jensen, 1983).

There are times when only in situ data collection is practical, as for example,
in determining the socioeconomic characteristics of apartment households. There are
other times when remote sensing is superior, as in the case of recording the spatial
distribution of roof temperatures throughout a residential neighborhood. Often, how-
ever, it is necessary to collect both in situ and remotely sensed data. In such cases
each type of data may be used to calibrate the other (Everett and Simonett, 1976).

WHAT TYPE OF DATA CAN BE REMOTELY SENSED?

To answer this question it is necessary to identify two classes of variables. First,
there are variables that remote sensors can measure directly. This means that the
remotely sensed data can provide fundamental biological and/or physical (biophysical)
information directly, without having to use other surrogate or ancillary data. A good
example is temperature mapping. A thermal infrared sensor can record the apparent
temperature of a rock or water body by measuring the radiant flux emitted from
the surface of the material. This is a true biophysical measurement. Such data are
very useful in many physical science models. Another example is-the determination
of the precise x, y location or perhaps the height (z) of a particular object. Such
‘information may be extracted directly from stereoscopic aerial photography and repre-
sents fundamental biophysical information. A list of nine selected biophysical variables
- .. -that may be remotely sensed is found in T able 1-1. Jensen (1983) summarized the
regions of the electromagnetic spectrum that are useful for measuring these variables
when monitoring vegetation, soils and rocks, water, the atmosphere, and urban struc-
ture (Fig. 1-1). '
** The second general group of variables that may be remotely sensed are hybrid
variables created by systematically analyzing more than one biophysical variable.

TABLE 1-1 Selocted Fundamental
Biophysical Variables Amenable
to Remote Sensing

e Planimetric (x, y) location

. Topomphic/bathymetﬁc (z) elevation

» Object color

* Vegetation chlorophyll absorption characteristics
® Vegetation biomass ‘

¢ Vegetation moisture content

*_Soil moisture content

o Temperature

* Texture or surface ronghness

Source: Jensen (1983).
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Figure 1-1 Regions of the electromagnetic spectrum useful for measuring biophysical variables
associated with vegetation, soils and rocks, water, atmosphere, and urban structure. (From Jensen,
1983.)

For example, by remotely sensing a plant’s chlorophyll absorption characteristics,
its temperature, and moisture content, it may be possible to model these data to
detect vegetation stress, a hybrid variable. The variety of hybrid variables is large;
consequently, no attempt is made to identify them. However, it is important to point
out that land-cover mapping represents a hybrid variable. The land cover of a particular
point on an image is usually derived by evaluating several of the fundamental biophysi-
cal variables at one time [e.g., object color, location (x y), height (z), temperature,
etc.]. So much attention has been placed on remotely sensing this hybrid nominal-
scale variable that the fundamental biophysical variables that are usually interval
or ratio scaled have been neglected. Certainly, nominal-scale land-use mapping is
an important capability of remote sensing technology and should not be minimized.
In fact, many social and physical scientists routinely use such data in their research.
Quantitative remote sensing of the fundamental biophysical variables is still in its
infancy. The extraction of biophysical information from remotely sensed data is des-
tined to have a significant impact on most models that may incorporate such spatially
distributed data (Estes et al., 1980).

The author believes that the majority of such biophysical information lies hidden
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4 Introduction to Digital Image Processing Chap. 1

or dormant within digital remotely sensed data, waiting to be extracted. To extract
quantitative biophysical information from digital remote sensor data requires that
the analyst understands (1) the types of resolution inherent in a given remote sensor
system configuration, (2) the physics of how electromagnetic energy interacts with
the phenomena of interest, (e.g-» soils, vegetation, water, etc.), and (3) correct applica-
tion of digital image processing techniques to extract biophysical or “hybrid” informa-
tion. This book is concerned primarily with a description of how to apply digital
image processing techniques. It assumes that the reader has a fundamental background
in a science (e.g., geography, geology, forestry, etc.) to which the remote sensing
technology may be applied. Prior to-discussing the nature and application of digital
image processing techniques, it is useful to describe several remote sensing resolution
considerations so that a common level of understanding may be established.

REMOTE SENSING RESOLUTION CONSIDERATIONS

Resolution (or resolving power) is a measure of the ability of an optical system to
distinguish between signals that are spatially near or spectrally similar (Swain and
Davis, 1978). The ability to measure a biophysical variable using remote sensing
requires careful consideration of four types of resolution: spectral, spatial, temporal,
and radiometric resolution. The nature of each of these types of resolution must be
understood by the scientist in order to extract meaningful biophysical information
from the remotely sensed imagery.

Spectral resolution refers to the dimension and number of specific wavelength
intervals in the electromagnetic spectrum to which a sensor is sensitive. The size of
the interval or band may be large (i.e., coarse), as with panchromatic black-and-
white aerial photography (0.4 to 0.7 pm) or relatively small (i.c., fine), as with band
3 of the Landsat 5 thematic mapper sensor system (0.63 to 0.69 pm). In the first
instance, the sensor records all the reflected blue, green, and red radiant flux incident
to it. In the second case, the sensor records only a very specific range of the red
radiant flux. Certain regions or bands of the electromagnetic spectrum are optimum
for obtaining information on biophysical parameters (Fig. 1-1). The bands are normally
selected to maximize the contrast between the object of interest and its background
(i.e., object-to-background contrast). Careful selection of the spectral bands may im-
prove the probability that a feature will be detected, then identified and biophysical
information extracted. ,

There is a relationship between the size of a feature to be identified and the
spatial resolution of the remote sensing system. Spatial resplu't}ion is a measure of
the smallest angular or linear separation between two objects that can be resolved
by the sensor (Swain and Dayis, 1978). Aerial photography spatial resolution is nor-
mally measured by engineers as the number of resolvable line pairs per millimeter
on the image (Slater, 1980). For other sensor systems it is simply the dimension of
the ground-projected instantaneous-field-of-view (IFOV) of the sensor system that
moves across the terrain collecting information. For example, the Landsat multispec-
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Why Process the Remotely Sensed Data Digitally? 5

tral scanner (MSS) ground spatial resolution is approximately 79 X 79 m. Generally,

the better the spatial resolution, the greater the resolving power of the sensor system.

Furthermore, a useful rule is that in order to detect a feature, the spatial resolution
of the sensor system should be less than half the size of the feature measured in its

smallest dimension. For example, if one wanted to identify the location of all maple

trees within a city park, the minimum acceptable spatial resolution would probably

be half the diameter of the smallest maple tree crown. Even this spatial resolution,

however, will not guarantee success if there is no difference between the spectral

response of the maple trees (the object) and the soil or grass surrounding them (the

background).

Temporal resolution of a sensor system refers to how often a given sensor obtains
imagery of a particular area. Ideaily, the sensor obtains data repetitively to capture
unique discriminating characteristics of the phenomena of interest. For example, agri-
cultural crops typically have unique crop calendars in each geographic region (Jensen
and Chery, 1980). Often in order to measure specific agricultural variables, it is neces-
sary to acquire remotely sensed data at critical dates in the phenological cycle (Hanu-
schak, 1979). Analysis of multiple-date imagery provides information on how the
variables are changing through time. Change information provides insight into pro-
cesses influencing the development of the crop.

Radiometric resolution defines the sensitivity of a detector to differences in signal
strength as it records the radiant flux reflected or emitted from the terrain. It defines
the number of just-discriminable signal levels; consequently, it may be a significant
element in the identification of scene objects. The multispectral scanner on Landsats
1 to 5 initially recorded the reflected radiant flux in 6 bits and then expanded the
data in three of the bands to 7 bits (values ranging from O to 127). The spatial
ground resolution was approximately 79 X 79 m. Radiant flux recorded by the thematic
mapper sensor on Landsats 4 and 5 recorded data in 8 bits (values from O to 255)
at 30 X 30 m spatial resolution in six of seven bands. Thus, the latter system has
improved radiometric and spatial resolution.

It is generally believed that improvements in resolution increase the probability
that phenomena may be remotely sensed more accurately (Everett and Simonett,
1976). The trade-off is that any improvement in resolution usually will require addi-
tional data-processing capability for either human or computer-assisted analysis.

WHY PROCESS THE REMOTELY SENSED DATA DIGITALLY?

Human beings are adept at visually interpreting images produced by certain remote
sensing devices, especially cameras. One could ask: Why try to mimic or improve
on this capability? First, there are certain thresholds beyond which the human inter-
preter cannot detect just-noticeable-differences in the imagery. For example, it is
commonly known that an analyst can discriminate only about 8 to 16 shades of
gray when interpreting continuous-tone black-and-white aerial photography. If the
data were originally recorded with 256 shades of gray, there may be more subtle
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6 Introduction to Digital Image Processing -, Chap. 1

information present in the image than the interpreter can extract visually. F urthermore,
the interpreter brings with him or her all the pressures of the day, making the interpre-
tations generally unrepeatable. Conversely, the results obtained by computer are almost
always repeatable (even when wrongf). Also, when it.comes to keeping track of a
great amount of detailed quantitative information such as the spectral characteristics .
of a vegetated field throughout a growing season for crop identification purposes,
the computer is much more adept at storing and manipulating such tedious information
and possibly making a more definitive .conclusion as to what crop. is being grown.
This is.not to say that digital image processing is superior to visual image analysis.
This is certainly not the case. Rather, there may be times when.a. digital approach
is better suited to the problem at hand. :

- But what about the actual processes of manual (visual) versus computer-assisted
(usually digital) image analysis? Are there similarities between the goals and methods
of both procedures? Estes et al. (1983) suggest that there exist several image analysis
tasks and basic elements of image interpretation that the manual and computer-assisted
approaches share (Fig. 1-2). First, both manual and digital analysis of remotely sensed
data seek to detect and identify important phenomena in the scene. Once identified,

. the phenomena are usually measured and the information used in problem solving.
Thus both manual and digital analysis have the same general goals. However, the
attainment of these goals may follow significantly different paths. For example, most

. of the-fundamental elements of image interpretation are used in manual image analysis -

- (Avery and Berlin, 1985). These include tone/color (the most fundamental elements),
size, shape, texture, pattern (all spatial arrangements of tone/color), height, shadow,
site, and association. The human mind is quite adept at synthesizing these complex
~ elements of image. interpretation and bringing to bear ancillary information based
‘oh one’s background: to: test various hypotheses. L
. _Conversely; most of the computer-assisted image processing to date has involved
the use of only a few.of the basic elements of image interpretation. In fact, the
overwhelming majority of all digital image analysis appears to be dependent primarily

.on just the tone/color of objects in the scene using fundamental statistical pattern
recognition techniques. Various techniques have been used to measure and incorporate
‘additional elements of image interpretation into the image analysis process. For exam-
ple, numerous studies have synthesized “texture’ information from the spectral data
in the imagery. Also, several attempts at “contextual” classification make use of
neighboring pixel values, thus incorporating some level of “association” information.
It should:be stressed, however, that even though the computer-assisted use of several
of these elements of image interpretation has been demonstrated, the majority of
the image processingis still based on the analysis of multispectral tone/color. Machines
have difficulty dealing with size, shape, texture, pattern, height, and shadow, let alone
the more complex. elements of site and association. Some believe that the current
research into-symbolic reasoning and expert systems will allow the incorporation of
most of the elements of image interpretation into computer-assisted image analysis
(Estes et al., 1983).- . - . g el s s

This state of affairs suggests that computer-assisted image processing for earth
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8 Introduction to Digital Image Processing  Chap. 1

i

! resource analysis is still in its infancy. If useful results can be extracted from imagery
‘ using even the most rudimentary image interpretation elements, there is hope that
i . . . e e . .

i improved results will follow as more sophisticated elements are incorporated into
the image analysis process.

EARTH RESOURCE ANALYSIS PERSPECTIVE

i Geographers and other scientists are often concerned with the art and science of
applying digital image processing techniques to remotely sensed data for the extraction
of useful earth resource information. The mathematical bases of the techniques are
important, but what is more important is how these techniques may be applied to
real-world problems. Consequently, the digital image processing concepts and their

E mathematical underpinnings will be presented through the use of a few select digital
15 remotely sensed data sets which are held constant throughout the book. These include:

1. A high-spatial-resolution (2.8 X 2.8 m) thermal infrared image (8.5 to 13.5
pm) of an area along the Savannah River in South Carolina obtained by
an aircraft multispectral scanner on March 28, 1981, for some concepts involv-
ing single-image analysis

2. A seven-band Landsat satellite thematic mapper (T M) data set of Charleston,
South Carolina, obtained on November 9, 1982, with a spatial resolution
of 30 X 30 m for concepts involving multiple bands of remotely sensed
data and for some single-image analysis

3. A Landsat multispectral scanner (MSS) data set of Denver, Colorado, ob-
tained on September 30, 1976, and October 1, 1978, to demonstrate change
detection algorithms at the urban fringe

In this manner readers will be able to determine for themselves whether an image
enhancement or image analysis alternative provides useful information.

OVERVIEW OF IMAGE PROCESSING CONSIDERATIONS

i The image analyst must evaluate several important image processing considerations
prior to extracting meaningful information from remotely sensed data (Fig. 1-3).
The analyst must first define the nature of the problem and.identify all objectives
and methods necessary to accept or reject research hypotheses. If a remote sensing
approach to the problem is warranted, the analyst then evaluates several data acquisi-
i tion alternatives. For example, he or she could digitize existing aerial photography
' or obtain the data already in a digital format from the EOSAT Company in Sioux
Falls, South Dakota, where all Landsat MSS and TM data are archived. Then, assum-
ing that the analysis is to be performed digitally, an appropriate digital image process-
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Overview of Image Processing Considerations 9

[ &
STATEMENT OF THE PROBLEM PREPROCESSING
® [dentify Criteria ® Radiometric Correction
® Formulate Hypothesis ® Geometric Correction
o il
{2] |
DATA ACQUISITION IMAGE ENHANCEMENT
® Digitize Data, or ® For further Digital Analysis
® Collect or Purchase Digital Data ® For Visual Analysis
o | bt
[3] 18}
IMAGE PROCESSING SYSTEM THEMATIC INFORMATION EXTRACTION
® Select or Configure Appropriate Technology ®_ Jdentify Criteria
¥ ® Perform Supervised or Unsupervised Analysis
m ¢ Evaluate Accuracy
INITIAL STATISTICS EXTRACTION E
® Compute Univariate and Multivariate FOL
Statigtim to A Image Quality GEOGmﬂlc INFORMATION SYSTEM
W ® Place Thematic Information in Raster or
_ I51 Polygon Based GIS
INITIA},_].)‘I;PLAY ® Ask Appropriate Questions
& YVideo or Hard-copy Display to Asgess Image j&
Quality SOLVE PROBLEMS
® Accept or Reject Hypothuil‘

Figure1-3 The analyst should evaluate these image processing considerations to extract meaningful
information from remotely sensed data. The placement of the information in a geographic information
system (GIS) is optional but often useful.

ing system is obtained. The analysis begins by first computing fundamental univariate
and multivariate statistics used to display the raw digital remote sensor data. The
statistics and initial display of the raw data provide valuable insight into image quality.
Based on these observations the imagery is then preprocessed to reduce environmental
and/or remote sensor system distortions in the data. This preprocessing usually in-
cludes both radiometric and geometric correction. Various image enhancements may
then be applied to the corrected data for improved manual (visual) analysis or as
input to further digital image processing. Important thematic information is then
extracted from the imagery using either supervised (i.e., human assisted) or unsuper-
vised techniques. Often, the thematic information gleaned from a supervised or unsu-
pervised analysis is used by itself to solve problems. The remotely sensed thematic
information may also be placed in a geographic information system (GIS) to improve
its usefulness. A GIS can be used to relate the remote sensing-derived information
with other types of spatially distributed data, such as soils, topography, and so on,
1o answer more complex problems. Each of the digital image processing considerations
described above is addressed in the following chapters.
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2

Remote Sensing Data

Acquisitien Alternatives

INTRODUCTION

To perform digital image processing of remotely sensed data, it is necessary to have
the imagery in a digital format. There exist two fundamental mechanisms for accom-
plishing this task:

1. Acquire remotely sensed imagery in analog format (e.g., an aerial photo-
graph), then digitize it.

2. Acquire remotely sensed imagery in a digital format in the beginning, as
with Landsat computer-compatible-tape (CCT) data.

It is instructive to review how data are placed in a digital format using these two
alternatives.

DENSITOMETER APPROACH

Photographs are “hard-copy” pictorial records of a scene recorded by a camera. Photo-
graphs are recorded on photosensitive emulsions that may be either reflective, like
a paper print, or transmissive, like a positive transparency (e.g., slide film). A photo-
graph is two-dimensional and its reflectance or transmittance varies as a function
of (x, y) position. "

Aerial photographs are scaled-down images of objects that exist in reality. The
gray shades or brightness values in such images may be evaluated at (x, y) positions

11
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12 Remote Sensing Data Acquisition Alternatives Chap. 2

within the image and converted into discrete values that are proportional to the
integrated output, reflectance, or transmittance of a small area usually called a picture
element or pixel, centered on the (x, y) position (Fig. 2-1). The density of the
(x, y) position is a measure of the light-absorbing capability of the silver or dye
deposited at that location in the image.

Three major methods exist for converting existing hard-copy aerial photography,
radar imagery, thermal infrared imagery, and so on, into a format suitable for digital
image processing. These include: (1) optical-mechanical scanning, (2) video digitiza-
tion, and (3) linear photodiode array or charge-coupled-device digitization.

Optical-Mechanical Scanning

A densitometer is a device that measures the average density of a small area of
specified size on a photographic transparency or print. The measurement may be a
meter reading or an electronic signal. When the area is smaller than a few hundred
micrometers square, the instrument is called a microdensitometer. There are basically
two types of scanning microdensitometers that are often used to convert hard-copy
photographic images into digital values: flatbed and rotating drum systems. The image-
ry to be scanned (usually a film transparency) is placed on a flat glass surface when
using a flatbed densitometer (Fig. 2-2). A single light source is then moved mechani-
cally across the flat imagery in the x-direction. This light source is tracked by a
photosensitive receiver (a photomultiplier tube) on the opposite side of the transpar-

Brightness Value  Associated

Columns (j) l_hnxom) Gray Scale
Viy/fis/i/a/ /L or
Lines or 215716 /18517 7 7 /7 . Band ® L
R ® 3y 77 /L o
M/ o053/ S S S 128+
Y/ /S
/ Y- axis 192 4
Z
Z 255

The picture element (pixel) at location Line 4,
Column 4, in Band 1 has a Brighiness Value
of 24, ie, BV, = 24

Figure 2-1 A digital remotely sensed image is typically composed of picture clements (pixels)
located at the intersection of cach row i and column j in each of the k bands of imagery. These
data should be in perfect geometric registration. The brightness value (BVix) at each pixel location
is usually represented by a number ranging from 0 to 255. Tthiis value may be modulated to produce
a gray shade on a CRT screen ranging from black (BV = 0) to bright white (BV = 255).
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Densitometer Approach : 13

Figure2-2 Fundamental elements of a flatbed scanning microdensitometer. The hard-copy remotely
sensed imagery (usually a positive transparency) is placed on the flatbed surface. A very small
light source (perhaps as small as 10 um on a side) is moved mechanically across the flat imagery
in the x-direction, emitting a constant amount of light. On the other side of the imagery, a receiver
measures the amount of energy that passes through. When one line scan is complete, the light
source and receiver step in the y direction some Ay to scan an area contiguous and parallel to
the previous scan line. The amount of energy detected by the recciver along each scan line is
eventually changed from an electrical signal into a digital value through an analog-to-digital
(A-to-D) conversion. After the entire image has been scanned in this fashion, a matrix of brightness
values is available for digital image processing purposes. A color filter wheel may be used if the
imagery has multiple dye layers that must be digitizing. In this case the imagery is scanned three
separate times using three different filters to separate it into its respective blue, green, and red
components. The resulting three matrices should be in near-perfect registration representing a multi-
spectral digital data set.

ency. At the end of each scan line, the light source steps in the y-direction some
Ay, to scan along a line contiguous and parallel to the previous one. As the light
source is scanned across the image, the continuous output from the receiver is con-
verted to a series of discrete numerical values on a pixel-by-pixel basis. This analog-
to-digital (A-to-D) conversion process results in a matrix (also called an array or
raster) of values that are usually recorded as 8-bit values from O to 255 (Table 2-1
and Fig. 2-1). These data are then stored on a disk or tape for future analysis.
Scanning imagery at spot sizes less than 15 pm may result in “noisy” digitized data
because the spot size approaches the dimension of the film’s silver halide crystals.

It is possible to obtain “multispectral” digital data by scanning color or color-
infrared aerial photography three separate times using appropriate blue, green, and
red filters held in a filler wheel (Fig. 2-2). This extracts spectral information from
the respective dye layers found in color and color-infrared aerial photography and
results in a registered, three-band digital data set for subsequent image processing.

Rotating drum optical-mechanical scanners digitize the imagery in a somewhat
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14 Remote Sensing Data Acquisition Alternatives Chap. 2
TABLE 2-1 Comparison of Image Digitizers
Linear Rotating
photodiode drum
array Vidicon microdensitometer
Resolution 1728 X 2048 512 %512 Selectable: 20,000 X
‘ 20,000 to 1250 X 1250
Format (scannable field) ~ No restrictions No restrictions 914 X 944 in.
Maximum spatial
Resolution at image
plane
a. 7.6 X 7.6 mm 3.7 pm 124 pm 12.5 pm
(M4 X % in.) field
b. 127 X 127 mm 73.5 pm 2480 pm 12.5 pm
(5 X 5 in.) field
c. 30 X 30 em 1764 pm 5953 pm Field out of allowed
(12 X 12 in.) field range
Spatial precision + 107 pixel, along array +2.5 pixel, pixel to pixel +5 pum pixel to pixel

Gray-level preci'sion

Data rate

Data depth
Image format

Time to scan full frame
at maximum
resolution

Time to scan 5 X 5 in.
area at maximum
resolution

Time to scan § X 5 in.
area at 100 um

Time to scan %4 X 12
in. area at full
resolution

Power requirements

Price

axis

+5 X 1072 pixel, scan
line to scan line

=1 pixel, corner to
corner, full frame

1 part per 1000 rms
typical

200 kHz to MHz
(dependent on bits per
pixel)

up to 12 bits/pixel

No size restrictions:
transparencies
reflective copy, real
objects

Variable 5 to 60 s

Variable S5 to 60 s at 74
pm pixel

Variable 3.7to 44 s
Variable 5 to 60 s at 7.4
pm pixel

115 vac 15 A, 230 vac;
8-A line frequency; 48
to 65 Hz

Low

=5 pixels, corner to
corner

1 part per 100 rms
typical
16 MHz

8 bits

No size restrictions:
transparencies
reflective copy, real
objects

Yo 8

14, 5 at 248 pm pixel

N/A

1, & at 25 pm pixel

115 vac 15 A, 60 Hz; 230
vac 8 A, 50 Hz

Low

+2 pm rms over 1 cm
+25 p, comner to corner
2 parts in 256 rms typical
30 to 60 kHz

8 bits

10 X 10 in. flexible

transparencies or
reflective copy

© 20,000 s (6 h)

10,000 s at 12.5 pm pixel

159 s

1016 5 at 12.5 pm pixel

115 vac 15 A, 230 vac;
8-A line frequency; 48
to 65 Hz

Medium-high
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Densitometer Approach 15

different fashion (Figs. 2-3 and 2—4). The film transparency is mounted on a glass
rotating drum so that it forms a portion of the drum’s circumference. The light
source is situated in the interior of the drum. The x-coordinate scanning motion is
provided by the rotation of the drum. The y-coordinate is obtained by the incremental
translation of the source-receiver optics after each drum revolution.

Optical-mechanical microdensitometers provide the highest spatial resolution
(i.e., down to 1 pm) but are often slow (Table 2-1). For example, scanning a 5 X
5 in. area at 12.5-pm spatial resolution could require 10,000 s (2.76 h).

The National High Altitude Aerial Photography (NHAP) program is obtaining
complete aerial photographic coverage of the conterminous United States from a
high altitude to satisfy the needs of numerous federal and state agencies (U.S. Geologi-
cal Survey, 1979). Stereoscopic aerial photography is acquired at 40,000 ft. using
two aerial mapping cameras operating simultaneously; one with a 6-in. (152-mm)
focal length lens with black-and-white panchromatic film, and another with an 8.25-
in. (210-mm) lens and color-infrared (CIR) film. Thus panchromatic photography

ROTATING DRUM

LIGHT SOURCE

Figure 2-3 The rotating drum optical-mechanical scanning instrument works on exactly the same
principle as the flatbed microdensitometer except that the remotely sensed data are mounted on a
rotating drum so that it forms a portion of the drum’s circumference. The light source is situated
in the interior of the drum and the drum is continually rotated in the x-direction. The y-coordinate
is obtained by the incremental translation of the source—receiver optics after each drum revolution.
Some microdensitometers can write to film as well as digitize from film. In such cases the light
source (usually a photodiode or laser) is modulated such that it exposes each picture element
according to its brightness value. These are called “film writers” and provide excellent hard copy
of remotely sensed data.
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l%h ? 16 Remote Sensing Data Acquisition Alternatives Chap. 2

Figire 2-4 Optical-mechanical rotating
drum digitizer and film writer. The photograph
to be scanned is mounted on the drum so that
it forms a portion of the drum’s circumference.
(Courtesy of Optronics International, Inc.)

images represent an important, extensive remote sensing data set useful for earth
resource analysis. Holmquist et al. (1984) describe the photometric and geometric
accuracies obtained when NHAP imagery is digitized using a 100-pm aperture for
subsequent digital image processing. :

|
!
L
\i is obtained at a 1:80,000 scale while CIR is obtained at a scale of 1:58,000. These

Video Digitization

It is possible to digitize hard-copy imagery by sensing it through a video camera
and then performing an analog-to-digital conversion on the 525 lines and 512 rows
of data within the standard field of view (as established by the National Television
System Committee). Video digitizing involves “freezing” and then digitizing a frame
of analog video camera input. A full frame of video input can be read as rapidly as
Y, of a second (Table 2-1). A high-speed analog-to-digital converter, known as a
frame grabber, digitizes the data and stores it in the buffer memory. The memory
is then “read” by the host computer and the digital information is stored on disk
or tape. A typical low-cost video frame-grabber configuration is shown in Fig. 2-5.

Video digitization of hard-copy imagery is performed very rapidly, but the results
are not always useful for digital image processing purposes. For example, there are
dramatic differences in the radiometric sensitivity and repeatability of various video
cameras. One of the most serious problems is vignetting (or light falloff) away from
the center of the image being digitized. This can affect the spectral signatures extracted
from the scene. Also, any distortion in the vidicon optical system will be transferred
to the digital remote sensor data, making it difficult to edge-match between adjacent
images that have been digitized in this manner.

oot
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Densitometer Approach 17

Figure 2-8 Inexpensive video frame-grabber digitization system. The components include a black-
and-white monitor, the vidicon camera, a filter wheel, a light table, and frame-grabber circuit
board. This system can digitize a relatively small positive transparency image (usually an acrial
photograph) into 240 X 256 pixels, with each pixel having a brightness value from 0 to 255 (an
8-bit range). The circuit board contains enough memory to hold the 240 X 256 8-bit brightness
values until they can be transferred to more permanent storage on disk or tape. The black-and-
white monitor is used to evaluate the nature of the image stored in the circuit board memory.
(Courtesy of Spectral Data Corporation.)

Linear Photodiode or Charge-Coupled-Device
Digitization

In the past, users of digital image processing equipment had to choose between the
two digitizing technologies just discussed. Video digitizing represented a low-cost
alternative which was convenient, but exhibited generally poor spatial resolution and
often unrepeatable radiometric or gray-scale resolution. On the other hand, drum
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PHOTODIODE ARRAY

> 11pm |<‘- ¥

Figure 2-6 Logic of a linear photodiode array digitizer. The 1 X 2048 photodiode array is mounted
on a pecision lead screw. Each of the 2048 detector elements in the photodiode. array is fixed so
that there is no movement in the x-direction. The image:is scanned by moving the photodiode
array in the y-direction. (Courtesy of Eikonix, Inc.) Co

w

Figure 2-7 Camera head assembly that
houses the linear photodiode array. (Courtesy
of Eikonix Inc.)

18
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Remotely Sensed Data Already in a Digital Format 19

Figure 2-8 Line scan arrays are available as linear photodiode arrays or as charge-coupled devices
(CCDs). This CCD array is composed of 1 X 2048 detector elements. {Courtesy of Eikonix Inc.)

and flatbed microdensitometers were slow, expensive, and difficult to maintain, but
they offered repeatable spatial and radiometric accuracy. Recently, a new digitizing
technology has been developed based on the use of photodiodes and/or charge-coupled
devices (CCDs). In one such system, a linear photodiode array is mounted on a
precision lead screw (Figs. 2-6 and 2-7). Because each detector element is fixed
relative to all the other elements, and because the lens system is constant from scan
to scan (assuming the same field of view), the spatial repeatability in the x-direction
is more precise. The lead screw stepping motor can provide a positional repeatability
of approximately #0.75 pm in the y-direction. Figure 2-8 is a photograph of a
2048-element charge-coupled device (CCD) that may be used instead of the photodiode
array.

Typical output from such systems includes matrices of from 1728 X 2048 to
2048 X 3000 with 1 to 12 bits per pixel (values from 0 to 4096). Also, digitization
generally takes place within 60 s. Thus, high spatial resolution, good radiometric
accuracy, and fast digitization are provided. This technology is now a feasible alterna-
tive for converting hard-copy remotely sensed data into a digital format.

REMOTELY SENSED DATA ALREADY IN A DIGITAL FORMAT

Ideally, remote sensor data are provided to the user in a digital format, so no digitiza-
tion is required. This is the case with much of the remotely sensed data now acquired.
For example, Table 2-2 summarizes many of the remote sensor systems available
for earth resource monitoring from 1980 to 1985 and their spatial, spectral, radiometric,
and temporal resolutions. Many provide data in a digital format (Southward, 198S5).

An overview of how remote sensing data are turned into useful information is
shown in Fig. 2-9. First, the remote sensor system detects electromagnetic energy
that exits from the phenomena of interest and passes through the sometimes murky
atmosphere. The sensor system then transforms reflected or emitted electromagnetic
energy that it has detected into an analog electrical signal which may subsequently

0908 OFEK06704
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Remotely Sensed Data Already in a Digital Format 23

Calibration
Using Ephemeris
Y
Sensor Onboard
System | Preprocessing
Telemetry a a 3
Atmosphere Visual or Distribution
{ Data Digital Information and Use of
Preprocessing Extraction Information
Earth L Incorporation
of
Ancillary Data

Figure 2-9 Overview of how remotely sensed data are turned into useful information. Once the
remotely sensed data are collected, both on-board and ground preprocessing is performed to remove
geometric and radiometric distortions. This may involve the use of cphemeris and/or ancillary
data. The data are then ready for visual or digital analysis to extract meaningful information.
This thematic information is then distributed and hopefully used. (After Landgrebe, 1983.)

be converted into a digital value. If an aircraft platform is used, the data are simply
returned to earth. However, if a spacecraft platform is used, the data are usually
telemetered to earth receiving stations. In either case, it may be necessary to perform
some radiometric and/or geometric preprocessing of the remotely sensed data to
improve its interpretability. Data may then be enhanced for subsequent visual analysis
or they may be analyzed by computer using digital image processing algorithms.
Information extracted from either approach is distributed and used to make decisions.

Throughout the process, remotely sensed data are stored in various analog and
digital formats and often processed in conjunction with non-remote sensor data (i.e.,
ancillary data). Ancillary data might be used to rectify an image to a standard map
projection, to improve its radiometric accuracy, or to stratify a study area prior to
classification using information that can only be obtained on the ground (e.g., the
subsurface geology of an area).

It is not possible to discuss all the sensor systems that can provide digital
remote sensor data. However, it is possible to review four sensor systems that will
continue to provide an extensive collection of remote sensor data of value for earth
resource investigations. These include the Landsat multispectral scanner (MSS), the
Landsat thematic mapper (TM) system, the SPOT HRYV sensor, and a representative
aircraft multispectral scanner. This discussion will provide insight into how digital
remote sensor data are typically obtained, reformatted, and stored. Much of this
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24 Remote Sensing Data Acquisition Alternatives Chap. 2

book is concerned with the description of digital image processing techniques that
can be applied to data obtained by these remote sensing systems.

The Landsat Multispectral Scanner and Thematic
Mapper Sensor Systems

In 1967, the National Aeronautics and Space Administration (NASA) encouraged
by the U.S. Department of the Interior, initiated the Earth Resource Technology
Satellite (ERTS) program. This program resulted in the deployment of five satellites
carrying a variety of remote sensing systems designed primarily to acquire earth
resource information. The chronological launch and subsequent retirement history
of some of the satellites are shown in Fig. 2~10. The ERTS-1 satellite launched on
July 23, 1972, was the first experimental system designed to test the feasibility of
collecting earth resource data by unmanned satellites. Prior to the launch of ERTS-
B on January 22, 1975, NASA renamed the ERTS program Landsat, distinguishing
it from the Seasat oceanographic satellite launched June 26, 1978. At this time ERTS-
1 was retroactively named Landsat 1 and ERTS-B became Landsat 2 at launch.
Landsat 3 was launched March 5, 1978; Landsat 4 on July 16, 1982, and Landsat
5 on March 1, 1984. A variety of mechanical failures prompted the retirement of
some of the Landsat satellites. For a detailed account, refer to the Landsat Data

1972 um‘mulms oo | aor Vaovs | 1o | 60 | 1e1 | 1962 | 10e | 1084 | 105 | 1086 | 1987 | 1088 | 10

@%f@ LANDGAT 2 Ratined Juy 27, 1983
ﬁ( Jan. 22, 1978 p! June 6, 1960
Aaniah, WSS

E2 s 575

1
o
%@

¥
!
i

®

. » .
e .

‘ﬁ Iln-.l.l&!5
5

Figure 2-10 Chronological launch and retirement history of the Landsat series of satellites
(1, 2, 3, 4, and 5) from 1972 to 1984.
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User Notes published by the EROS Data Center at Sioux Falls, South Dakota (NOAA,
1975-1985).

Orbital characteristics of Landsats. Landsats 1 to 3 were launched
into circular orbits about the earth at a nominal altitude of approximately 919 km
(570 mi). The sensor system platform is shown in Fig. 2-11. The satellites orbited
the earth once every 103 min, resulting in 14 orbits per day (Fig. 2-12). The satellites
had an orbital inclination of 99°, which made them nearly polar (Fig. 2-13). This
caused them to cross the equator at an angle of approximately 9° from normal.
This sun-synchronous orbit meant that the orbit plane precessed about the earth at
the same angular rate at which the earth moved about the sun. This characteristic
caused the satellites to cross the equator at approximately the same local time (9:30
to 10:00 A.M.) on the illuminated side of the earth.

N

A

SOLAR ARRAY\ N ATTITUDE CONTROL SUBSYSTEM

N

N a.\]
\
g I} WIDEBAND RECORDER
U ELECTRONICS
HE
ATTITUDE
T~ MEASUREMENT
' SENSOR
DATA COLLECTION —
ANTENNA MULTISPECTRAL SCANNER
RETURN BEAM
VIDICON CAMERAS (3)

Figure 2-11  Nimbus-style platform used for Landsats 1, 2, and 3 and associated sensor and telecom-
munication systems. (From NASA Landsat Data Users Handbook.)
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Figure 2-12 Orbital tracks of Landsat 1, 2, or 3 during a single day of coverage. The satellite
crossed the equator every 103 min, during which time the carth rotated a distance of 2875 km
under the satellite at the equator. Every 14 orbits 24 helapsed. (From Taranik, 1978.)
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Figure 2-13 Inclination of the Landsat orbit to maintain sun synchronous orbit. (From Taranik,
1978.)
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Orbit 16, Day2
Orbit 2, Day 1

Orbit 15, Day 2
Orbit 1,Day 1

185 KM Wide

2875 KM at the Equator

<159 KM

Figure 2-14 From one orbit to the next the position directly below the satellite moved 2875 km
(1785 mi) at the equator as the earth rotated beneath it. The next day, 14 orbits later, it was
approximately back to its original location, with orbit 15 displaced westward from orbit 1 by 159
km (99 mi) at the equator. (From Taranik, 1978.)

Figure 2-14 indicates how repeat coverage of a given geographic area was ac-
quired. From one orbit to the next, a position directly below the spacecraft moved
2875 km (1785 mi) at the equator as the earth rotated beneath it. The next day, 14
orbits later, it was approximately back to its original location, with orbit 15 displaced
westward from orbit 1 by 159 km (99 mi) at the equator. This continued for 18
days, after which orbit 252 fell directly over orbit 1 once again. Thus the Landsat
sensor systems had the capability of observing the entire globe (except poleward of
81°) once every 18 days, or about 20 times a year. There was approximately 26 km
(16 mi) of sidelap between successive orbits (Table 2-3). This overlap was a maximum
at 81° north and south latitudes (about 85%) and a minimum at the equator (about
14%). This has proven useful for some stereoscopic analysis applications.

Sensor systems on board the Landsat satellites. In the context of
this section on data acquisition, we are very interested in the type of sensors carried
aloft by the Landsat satellites and the nature and quality of remote sensor data
provided for earth resource investigations. The sensors included the multispectral
scanner (MSS), return beam vidicon camera (RBV), and the thematic mapper (TM).
However, the focus here will be only on the multispectral scanner and the thematic
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TABLE 2-3 Relationship
Between Latitude of Landsat
MSS and Image Sidelap

e

i Latitude Image sidelap
’ (deg) (%)
0 14.0
il 10 154
20 19.1
30 25.6
40 M1
| 50 443
60 57.0
i 70 70.6
i 80 85.0

t mapper systems, as they continue to provide the more significant part of all remotely
sensed imagery used for earth resource studies.
The Landsat multispectral scanner system was placed on each of the five Landsat
satellites. It has collected more useful earth resource remote sensor data of the world
than any other sensor. MSS data have been used extensively by scientists in a wide
i variety of applications. The MSS multidetector array and the scanning system are
shown diagrammatically in Fig. 2-15. The scanning mirror oscillated through an
angular displacement of +2.89°. Because the angle of incidence was approximately
equal to the angle of reflection, the scanned beam was approximately 11° wide. This
resulted in a swath width of approximately 185 km (115 mi) for each orbit. Six
parallel detectors sensitive to four spectral bands (channels) in the electromagnetic
spectrum viewed the ground simultaneously: 0.5 to 0.6 pm (green), 0.6 to 0.7 pm
(red), 0.7 to 0.8 pm (reflective infrared), and 0.8 to 1.1 pm (reflective infrared).
These bands were designated as 4, 5, 6, and 7 because the return beam vidicon
(RBV) subsystem included bands 1, 2, and 3. When not viewing the earth, the detectors
were exposed to internal light and sun calibration sources. The spectral sensitivity
of the bands is summarized in Table 2—4.

The instantaneous-field-of-view (IFOV) of each detector was square and resulted
in a ground resolution element of approximately 79 X 79 m (67,143 ft?). The voltage
analog signal from each detector was converted to digital value using an on-board
analog-to-digital (A-to-D) converter. The data were quantized to 6 bits with a range
of values from O to 63. These data were then rescaled to 7 bits (O to 127) for three
of the four bands in subsequent ground processing (i.c., bands 4, 5, and 6 were
decompressed to a range of 0 to 127).

During each scan, the voltage produced by each detector was sampled every
9.95 ps. For one detector, approximately 3300 samples were taken along a 185-km
line (Taranik, 1978). Thus the IFOV of 79 X 79 m became about 56 m on the
ground between each sample (Fig. 2-16). The 56 X 79 m area is called a Landsat
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LANDSAT MULTISPECTRAL SCANNER SYSTEM

+Y;

OF FLIGHT }& EAST
SOUTH

Figure 2-15 Major components of the Landsat multispectral scanner (MSS) system on Landsats -
1, 2, 3, 4, and 5 (Landsat 3 also had a thermal infrared band). A bank of 24 detectors (six for
cach of the four bands) measures information from the earth from an instantaneous, field of view
(IFOV) of 79 X 79 m.

MSS picture element. Thus, although the measurement of landscape brightness was
made from a 6241-m? area, each pixel was reformatted as if the measurement were
made from a 4424-m? area (Fig. 2-16). Note the overlap of the areas from which
brightness measurements were made for adjacent pixels.

The MSS scanned each line from west to east as the southward orbit of the
spacecraft provided the along-track progression. Each MSS scene purchased from
the EROS Data Center represented a 185 X 178 km parallelogram extracted from
the continuous swath of an orbit and contained approximately 10% endlap. A typical
scene contained approximately 2340 scan lines with about 3240 pixels per line or
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TABLE 2-4 . Comparison of Multispectral Scanner and Thematic Mapper Sensor,
System Characteristics

Multispectral Scanner Thematic Mapper
Radiometric , o Radiometric
Band sensitivity Band : sensitivity
number Micrometers (NEAP) number: - Micrometers (NEAP)
4 0.5-0.6 0.57 | 0.45-0.52 08
5 0.6-0.7 0.57 2 0.52-0.60 0.5
6 0.7-0.8+ 0.65 : 3 0.63-0.69 - 05
7 0.8-1.1 i 0.70 . 4 0.76-0.90 0.5
g8 10.4-12.6 " . 1L4K(NEAT) 5 1.55-1.75 10
N . 7 2.08-2.35 24
. 6 10.4-12.50 0.5 (NEAT)
IFOV: 79 X 79 m for bands 4-7; 30 X 30 m for bands 1-5, 7;
240 X 240 m for band 8 120 X 120 m for band 6
Data rate: 15 MB/s 85 MB/s
Quantization levels: 6 bits, 64 levels 8 bits, 256 levels
Earth coverage: 18 days; Landsats 1, 2, 3; 16 days
16 days, Landsats 4, 5

Altitude: - 919 km 705 km

*The radiomqtric‘:ée'nsi\tivitics are the n_bise-equivalcnt reflectance differences for the reflective channels expressed
as percentages (NEAP) and temperature ‘differences for the thermal infrared bands (NEAT).

»MSS bands 4, 5, 6, and 7 were renumbered bands 1, 2, 3, and 4 on Landsats 4 and 5.

<MSS band 8 was present only on Landsat 3.

about 7,581,600 pixels per channel. All four bands represented a data set of more
than 30 million values.

~ Landsat MSS products have proVided an unprecedented ability to observe large
geographic areas within a single image. For example, it would require approximately
5000 conventional vertical aerial photographs obtained at a scale of 1:15,000 to equal
the geographic coverage of a single Landsat MSS image (Table 2-5). This allows
regional terrain analysis to be performed using one data source rather than a multitude
of aerial photographs. C - e _

The first thematic mapper (TM) sensor system was launched on July 16, 1982,
and the second on March 1, 1984. The TM -is a scanning optical-mechanical sensor
system that records reflected and emitted energy in the visible, reflective-infrared,
middlé-infrared, and thermal-infrared regions of the electromagnetic spectrum. It
collects multispectral imagery that has higher spatial, spectral, and radiometric resolu-
tion than the Landsat MSS." - L A

" Detailed descriptions of the design and performance. characteristics of the TM
may be found in Engel and Weinstein (1983), Solomonson {1984), Holmes (1984)
‘and Williams et al. (1984). The platform is shown in Fig. 2-17 and the sensor system

. configuration in Fig. 2-18. The telescope directs the incoming radiant flux obtained
~ along a scan line through- a scan line corrector (1) to the visible and near-infrared

T ST TR e D o
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Figure 2-16 Relationship between the original 79 X 79 m IFOV of the Landsat MSS and the
rate at which it was resampled (i.c., every 9.95 us). This resulted in picture elements (pixels) that
were 56 X 79 m in dimension or: tapes purchased from the EROS Data Center at Sioux Falls,
S.D.

TABLE 2.5 Comparison of Landsat MSS versus
Aircraft Areal Coverage

Number of
images or
Platform Scale photos
Landsat MSS 1, 2, and 3 — 1
185 X 178 km = 32,930 km?
115 X 111 mi = 12,765 mi®
Low-altitude aircraft 1:15,000 5000
Low-altitude aircraft 1:30,000 1500
High-altitude aircraft 1:60,000 300
Commercial jet aircraft 1:90,000 150
Government civilian aircraft 1:120,000 85
Government military aircraft 1:250,000 30
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——HIGH GAIN ANTENNA

GLOBAL POSITIONING
SYSTEM ANTENNA™__
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Figure 2-17 Landsat 4 and 5 platform with associated sensor and telecommunication systems.

focal plane, or (2) to the mid-infrared and thermal infrared cooled focal plane. The
detectors for the visible and near-infrared bands (1 to 4) are four staggered linear
arrays, each containing 16 silicon detectors. The two mid-infrared detectors are 16
indium—antimonide cells in a staggered linear array, and the thermal-infrared detector
is a four-element array of mercury-cadmium-telluride celis.

The TM spectral bands represent important departures from the bands found
on the traditional MSS also carried on board Landsats 4 and 5. The original MSS
bandwidths were selected based on their utility for general vegetation inventories
and general geologic studies. Conversely, most of the TM bands were chosen after
years of analysis for their value in the discrimination of vegetation type and vigor,
plant and soil moisture measurement, differentiation of clouds and snow, and identifica-
tion of hydrothermal alteration in certain rock types (Table 2-6). For example, Fig.
219 demonstrates that the TM bands are situated to make maximum use of the
dominant factors controlling leaf reflectance, such as pigmentation, leaf structure,
and moisture content. S

Landsat TM data have a ground projected instantaneous-field-of view (IFOV)
of 30 X 30 m (Fig. 2-20). Classification accuracies become acceptable for most remote
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DETECTOR
AT COOLED
FOCAL PLANE

+1
SPACECRAFT
COORDINATES

GROUND PROJECTION
OF SCAN PATTERN

Figure 2-18 Landsat 4 and 5 thematic mapper sensor system. The sensor is sensitive to the seven
bands of the electromagnetic spectrum summarized in Table 2-4. Six of the seven bands have a
spatial resolution of 30 X 30 m while the thermal infrared band has a spatial resolution of 120 X
120 m. The telescope directs the incoming radiant energy obtained along a scan line through a
scan line corrector to (1) the visible and near-infrared focal plane, or (2) to the mid-infrared and
thermal-infrared cooled focal plane. The detectors for the visible and near-infrared bands (1 to 4)
are four staggered linear arrays, each containing 16 silicon detectors. The two mid-infrared detectors
are 16 indium antimonide cells in a staggered linear array, and the thermal-infrared detector is a
four-clement array of mercury—cadmium-telluride cells. (From Engel and Weinstein, 1983.)

AT PRIMARY
FOCAL PLANE

33

sensing agriculture and forestry applications when field sizes are greater than 60
IFOVs in size. This corresponds to a square with about 8 IFOVs on a side. Thus
effective classification accuracy should be obtained for fields 240 X 240 m in size if
a 30 X 30 m ground IFOV is used. This should allow most of the field sizes in
Canada, the United States, and the Soviet Union to be adequately sampled in the
spatial domain as well as some information for fields in developing countries where
field sizes are less than 240 X 240 m. The thermal-infrared band 6 has a spatial

resolution of 120 X 120 m.

Y
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TABLE 2—6~'jph'a:facteristics of the TM Spectral Bands

Band 1:0.45-0.52 pm (bluc). Provides increased penetration of water bodies as well as supporting
analyses of land use, soil, and vegetation characteristics. ‘The shorter-wavelength cutoff is just below
the peak transmittance of clear water, while the upper-wavelength cutoff is the limit of blue chlorophyll
absorption for healthy green vegetation. Wavelengths below 0.45 pm ‘are substantially influenced by
atmospheric scattering‘and absorption. - ‘

Band 2: 0.52-0.60 um (green), This band spans the region between the bluc and red chlorophyll

absorption bands and therefore corresponds to the, green reflectance of healthy vegetation. Bands 1
and 2 combined provide the same ‘spectral sensitivity as Kodak's Water ‘Penetration Aerial Color
Film (S0-224). ‘ ' L

Band 3: 0.63-0.69 pm (red). This is the red chlorophyll absorption band of healthy green
vegetation and represents one of the most important bands for vegetation discrimination. It is also
useful for soil-boundary and géological boundary delincations. This band may, exhibit more contrast
than bands 1 and 2 because of the reduced effect of atmospheric attenuation. The 0.69-pm cutoff is

sighificant because it represents the beginning of a spectral region from 0.68 to 0.75 pm, where vegetation

reflectance crossovers take place that can reduce the accuracy of vegetation investigations.
Band 4: 0.76-0.90 pm (reflcctive-infrared). For reasons discusséd above, the lower cutoff for
this band was placed abave 0.75 pm. This band is especiatly responsive to the amount of vegetation

biomass present.in a scene. It is useful for crop identification and emphasizes soil-crop and land-

e conass. o |

Band $: 1.55-1.95 piin (mid-infrared). This band is sensitive to the turgidity or amount of

water. in plants. Such ipfom’;iit_ibq_is useful in crop drought studies and in plant vigor investigations.

In addition, 1t:l‘1:iﬁs_:i's‘o"_1;'e of the few bands that can be nsed to discriminate between clouds, snow, and
ice, 50 important in hydrologic rescarch. R ‘ S

~“Band 6: 2.08-2.35 pm (mid-nfrared). This is an important band for the discrimination of

geologic rock formations. It has been shown to be particularly effective in identifying zones of hydrother-
mal alteration in rocks.

* Band 7: 10.4-12.5 pm (thermal infrared). This band measures the amount of infrared radiant

_flux emitted from surfaces. The apparent temperature is a function of the emissivities and true of
kinetic temper: ' al iner

: | :ﬂfb

ic ter p‘cngq'r_\é:qf the surface. ltlsuscful for locating geothm‘mal activity, thermal inertia mapping
geologic investigations, vegetation classification, vegetation stress analysis; and soil moisture studies.

e nod et . LTy ARl

... The. equatorial crossing time was changed from 9:30. A.M. for Landsats 1, 2,
.and 3°to 11:00-aMm. for Landsats'4 .and 5. Higher sun angles reduce the amount of
“shadow’ “the imagery. This1suseful for vegetation studies ‘because shadows can
moc ifi"s“ﬁéc’:‘t‘ral\’sigixatuf&‘i)arﬁbﬁlarly’ in forests and row crops. Conversely, low
sun angles are useful for enhancing the geologic structure of the terrain. The 11:00
A:M:crossing: time' also, unfortunately, enhances. the probability that cloud cover

- will:be present ‘over:the study area and that increased amounts-of particulate matter
(e..; stnog) will be present«in the atmosphere, especially over .nrban environments.
.. The transitionfrom an-approximately 919-km orbit to a 705-km orbit for Land-
sats4-and 5, disruptéd -the .continuity of Landsats 1, 2, and 3 MSS path and row
designations:in the Worldwide Reference System (WRS). Consequently, a separate
WRS map is now-zrequired to'select images obtained by Landsats 4 and 5. The lower
orbit (approximately the same as the Space Shuttle) has also increased the amount
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Figure 2-19 Progressive changes in percent
reflectance for a sycamore leaf at varying oven-
dry-weight moisture contents. The dominant
factors controlling leaf reflectance and the loca-
tion of six of the thematic mapper binds are

superimposed.

Figure 2-20 Diagram illustrating the spatial resolution of the Landsat MSS (56 X 79 m), the
Landsat thematic mapper (30 X 30 m), and the SPOT panchromatic band (10 X 10 m).
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of relief displacement introduced into the imagery obtained over mountainous terrain.
The new orbit also caused the period between repetitive coverage t0 change from
18 days to 16 days for both the MSS and TM data collected by Landsats 4 and S.

There has been a substantial 1mprovement in the level of quantization, from 6
bits to 8 bits per band (Table 2-4). This, in addition to a greater: number of bands
and a higher spatial resolution, has iricreased the data rate from 15 Mb/s to 85
Mby/s. This has required major modlﬁcanons of ground recemng statxons to handle
the increased data flow.

Based on the improvements in spectral spatlal and radlometnc r&solunon.‘
Solomonson (1984) suggests that v -

from a wide varicty of analysa and. r&u}ts, it appeam that the TM,
as being twice as effective in pxovndmg mformatlon s the Landsat MSS,
on its ability to provide twice as many separablc classw ’”or;;a gwén area as‘thc MSS,
numerically provide 2 more independent vectors or componénts in the: data, or demon-
strate through classical information theory that twice as much information exists in
the TM data.

Tho SPOT Sensor Systam

sensors on board the TIROS and NIMBUS satelhtos in the 1960s provided
) tely sensed imagery- with' ground spanal resolutlons of approxxmately 1000 X
‘m and were the ﬁrst to rcvcal thc potentnal of spacc as a vantage pomt for

dpveloped in the 1970s and early 1980s prov1ded 1mageryv esolutions
“of from 79 X 79 to 30 X 30 m. The SPOT sensor system. developeciby 1¢ French
Cenitre Natxonal d’Etudes Spatiales (CNES). has .a spatial Tesolu
- and20 X 20 m and provides several othcr mnovatlons in. remote s¢
’ (Begm, 1982  CNES, 1984). AT e
SPOT satellite consists of two parts ‘the SPOT bus, hlch is a standard
multlpurpose platform, and a. sensor system payload (Fig. 2—21) The payload of
the first SPOT satellite consists of two identical high-resolution visible (HRV) sensor
systems and a package comprising two magnetic-tape data recorders and a telemetry
transmlttcr The satellite operates in a circular sun-synchronous near-polar orbit (incli-
nation of 98 7°) at an altitude: of 832 km.-The satellite passw overhead at the same
solar time; the Iocal clock time varies with latitude. -
The HRYV sensors can operate in two modes in the v1s:b1c and reﬁect:ve infrared
portions. of the spectrum: a panchromatic mode; oorrespondmg 0 Observation over
-a broad spectral band (sxmllar to a typical black-and-white photogragh), and a multi-
spectral (color) mode; corresponding to observation in thrée’ :
‘(Table 2-7). Thuy the “Spectral Tesclution is sgbstantially dif rc‘tit than that of the
thematic mapper. The ground spatial resolution, howeéver, is°10 X 10 m in the first
case and 20 X 20 m in the second when the instruments are viewing directly below
the spacecraft (i.c., at nadir). Radiant energy reflected from the terrain enters the

\\\\\
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TABLE 2-7 SPOT Sensor System Characteristics

Characteristics
of the HRV Multispectral Panchromatic
sensors mode mode
Spectral bands 0.50-0.59 pm 0.51-0.73 pm
0.61-0.68 pm
0.79-0.89 pm
Instrument IFOV 4.13° 4.13°
Ground sampling interval at nadir 20X20m I0X10m
Number of pixels per line 3000 6000
Ground swath width at nadir 60 km 60 km
Pixel quantization 8 bits 6 bits DPCM*
Image data bit rate 25 Mb/s 25 Mb/s

* DPCM (digital pulse code modulation) is a mode of data compression
that does not degrade the radiometric accuracy of the 8-bit or 256-gray-
level image data.

HRYV via a plane mirror and is then projected onto two charge-coupled-detector
(CCD) arrays (Fig. 2-21). Each CCD array consists of 6000 detectors arranged linearly
(refer to Fig. 2-8). This is commonly referred to as a “push-broom” scanner since
it images a complete line of the ground scene in the cross-track direction in one
“look” as the sensor system progresses down-track. This capability breaks tradition
with the Landsat MSS and TM sensors in that no mechanical scanning takes place.

When looking directly at the terrain beneath the sensor system, the two HRV
instruments may be pointed to cover adjacent fields each 60 km (Fig. 2-21). In
this configuration the total swath width is 117 km and the two fields overlap by 3
km. Since the distance between adjacent ground tracks at the equator is approximately
108 km, complete earth coverage can be obtained with this fixed setting of instrument
fields of view.

However, it is also possible to selectively point the mirror to off-nadir viewing
angles through commands from the ground station. In this configuration it is possible
to observe any region of interest within a 950-km-wide strip centered on the satellite
ground track (i.e., the observed region need not necessarily be centered on the ground
track) (Fig. 2-22). The width of the swath actually observed varies between 60 km
for nadir viewing and 80 km for extreme off-nadir viewing.

If the HRV instruments were only capable of nadir viewing the revisit frequency
for any given region of the world would be 26 days. This interval is often unacceptable
for the observation of phenomena evolving on time scales ranging from several days
to a few weeks, especially where the cloud cover hinders the acquisition of usable
data. During the 26-day period separating two successive SPOT satellite passes over
a given point on the earth, and taking into account the steering capability of the
instruments, the point in question could be observed on seven different passes if it
were on the equator and on 11 occasions if at a latitude of 45° (Fig. 2-23). A given
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SPOT Nadir Viewing g SPOT: HRV Instruments
HRV Instruments | Plane Mirror cch
N N Solar Panal. | ooe o TO il
Ground Control

Off-nadir - Nedir  Off-nadir

Figure 2-21 The SPOT satellite consists of two parts, the' SPOT bus, which is a standard multipur-
pose platform, and the sensor system payload. The peyload, of the first SPOT. satellite consists of
two identical high-resolution visible (HRY) sensog systems. Radiant energy from the terrain enters
the HRV via a plane mirror and is then projected onto two chiarge-coupled-detector (CCD) arrays.
Each CCD array corisists of 6000 detectors arranged linearly. This ‘results in a spatial resolution
of 10 % 10 or 20 X 20 m; depending on the mode in which the sensor is being used (refer to
Table 2-7). (Courtesy of SPOT Image Corporation.) , ;

region may be revisited on dates separated alternatively by 1 and 4 (or occasionally
Sydays. o Sem o . R
The SPOT sensors may also acquire stereoscopic pairs of images for a given
geographic area (Fig. 2-24). Two observations may be made on successive days such
that -the two images are acquired at angles on either side of ‘the vertical (CNES,
1984). In such cases, the ratio between - the observation base (distance between the
two satellite positions) and the height (satellite altitude) is-approximately 0.75 at
the equator and 0.50"at a latitude of 45°. The stereoscopic imagery obtained using
this base—height ratio is of use in photogrammetric applications such as ‘cartographic
woik at 1:100,000 scale and imap updating at 1:50,000. . = "7 %" = :

I SV
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Figure 2-22 If the HRV instruments were only capable of viewing the terrain
directly below the spacecraft (i.e., at nadir), the revisit frequency for any given
region of the world would be 26 days. However, SPOT is pointable. This means
that it can be used to view areas that are not directly below the aircraft (i.e., off
nadir). This is very useful for collecting information in the event of a natural or
human-made disaster when the satellite track is not optimum, or for collecting
stereoscopic imagery. (Courtesy of SPOT Image Corporation.)
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SPOT Off-nadir Revisit Capabilities
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Figare 2-23 During the 26-day period separating two successive SPOT satellite overpasses, &
point on the carth could be observed on seven different passés if it is at the equator and on 11
occasions if at a latitude of 45°. A given region can be revisited on dates separated alternatively
by 1, 4, and occasionally 5 days. (Courtesy of SPOT Image Corporation.)
The SPOT satellite was launched in early 1986. Prior to launch, SPOT simulation
imagery were acquired using a modified MSS carried on board suborbital aircraft.
A SPOT simulation image of the Washington, D.C., area is shown in Fig. 2-25
(color section), The high spatial resolution in this image provides enough detail that
analysts may visually interpret the data to extract useful urban thematic information.
ided in digital format for image processing

In addition, however, the data are provi

purposes.
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Stereoscopic Viewing Capabilities

pass on day D pass on day E

& o

reference surface

Figure 2-24 Two observations can be made on successive days such that the two images arc
acquired at angles on either side of the vertical, resulting in stereoscopic imagery. Such imagery
can be used to produce topographic and planimetric maps. (Courtesy of SPOT Image Corporation.)

Alrcraft Multispectral Scanners

Orbital sensors such as the Landsat MSS and TM collect data on a repetitive cycle
and at set spatial and spectral resolutions. Often it is necessary to acquire remotely
sensed data at specific times that do not coincide with the scheduled overpasses and
at perhaps different spatial and spectral resolutions. For example, it may not be
practical to wait for the next Landsat or SPOT overpass (even though pointable)
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when ian il spill or severe flood has occurred. Rapxd collection and analysis of high-
“resolution remotély sensed’ data may be required-to allocate resources and personnel.
When such conditions occur or when a sensor configuration different from the Landsat
or SPOT sensors is needed, agencies and companies often use a multispectral scanner
p‘Iaced on board an aircraft to acquiré‘remotely sensed data. For example, Kahle
<~ and Goetz (1983) describe a new six-channel aircraft MSS developed to extract mineral
signature information at wavelengths between 8 and 12 pm (refer to Table 2-2).
‘Preliminary results show that igneous rock units may be identified from their free
:silica content, and that carbonate as well as clay-beanng umts are readily separable
.on the digitally processed images.
) The sensor system characteristics of a typical airborne MSS are shown in Fig.
2-26."Tts prmc1p1es of .operation and components are displayéd in Flg 2-27. Radiant
flux reflected or emitted from the terrain is collécted by the scanning optical system
and projected onto a dtchrow grating. The grating separates the reflected radiant
flux from the emitted radlant flux. Energy in the reflective part of the spectrum,
including ultraviolet, blue, green, red, and reflective infrared, is directed from the
grating to a prism (or refractlon gratmg) that further separates the energy into specific
bands. For example, the senisor system shown in Fig. 2-27 is sensitive to one ultraviolet
band, two blue, two green, two red,"and three reflective infrared bands. At the same
time, the emitted incident energy 1s separated from the reflective incident energy.

i i o A 1 7 P 00

7R, SR AT WAL

" Figuré 226 AADS 1260'miuliispectral scanner (MSS) and‘associated electronics that are carried
21 % % :on‘board;the aircraft-during data collection. (Courtesy of Dacdalus Enterprises, Inc.)
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Radiuitl’g‘luxl'&mn'lhe&rth'nm
(b) Multispectral Scanner And Associated Electronics

Figure 2-27 Aircraft multispectral scanner (MSS) sensor system components and characteristics
of data collection along a flight line. The diameter of the circular ground area viewed by the
sensor, D, is a function of the instantaneous field of view, 8, of the scanner and the altitude
above ground level of the aircraft, H, at the time of data collection. Radiant flux from the carth’s
surface is passed from the optical system onto a dichroic grate which sends the various wavelengths
of light to detectors which are continuously monitored by the sensor system electronics.

The independent bands of energy are then focused onto a bank of detectors situated
behind the grating and the prism. In this example, there are 10 detectors for the
reflective bands and a single detector for the emitted band. The detector that records
the emitted energy is usually cooled by a Dewar of liquid nitrogen or some other
substance.

The signals recorded by the detectors are amplified by the system electronics
and recorded on a multichannel tape recorder. If the emphasis is on visual analysis
of the MSS data, it may be recorded on an analog recorder and converted directly
into hard-copy imagery during or after the flight. If the data are to be digitally
processed, it is necessary to convert the analog scanner output into a numerical
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(digital) format. This A-to-D conversion requires that the data collected in the several
bands are precisely synchronized. Such data are recorded on high-density digital
tape (HDDT) on board the aircraft. Later, the HDDT data are converted into a
computer-compatible-tape (CCT) format suitable for digital image processing.

The flight altitudes for aircraft MSS surveys are determined by evaluating the
size of the desired ground resolution element (or pixel) and the size of the study
area. Basically, the diameter of the circular ground area viewed by the sensor, D,
is a function of the instantaneous field of view, 8, of the scanner and the altitude
above ground level, H, where

D=HXB @D

If, for example, the IFOV for the scanner is 2.5 mrad, the ground size (in meters
or feet) of the pixels is a product of the IFOV (0.0025) and the altitude AGL (in
meters or feet). Table 2-8 presents selected flight altitudes and corresponding pixel
sizes at nadir for an IFOV of 2.5 mrad. :

TABLE 2-8 Aircraft MSS Flight Altitudes,
Pixel Sizes, and Flight Line Coverage

Flight altitude " Grotind coverage
AGL Pixel size® per flight line®
(m) ) (m)
1,000 - 25 1,860
2,000 5.0 3,720
4,000 100 14,880
16,000 400 29,760
50,000 125.0 93,000

* Assumes an IFOV o£,2.5- mrad.
b Swath width equals 1.86 X flight altitude. -

The following factors should be considered when collectihg aircraft MSS data
(Hawley, 1982): ”

1. When looking for a small phenomenon, the pixel size must be smaller than
the objects being resolved. The chance of resolving an object similar in size
to the pixel is marginal. R :

2. The size of the survey area is a factor when considering survey altitude
and pixel size. ‘At lower altitudes, the better resolution may be outweighed
by the fact that more flight lines are required to cover the area compared
to more efficient coverage at higher altitudes with larger-pixels. The pixel
size and the size of the survey are considered, objectives are weighed, and
a compromise is reached. o : :
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The field of view of the MSS optical system and the altitude AGL dictate the
width of a single flight line of coverage. In this example, the swath width is determined
by multiplying 1.86 times the altitude AGL (Table 2-8).

' To collect aircraft MSS data, it is necessary that there be a relationship between
the MSS scan speed (scans/s) and the on-board tape recorder speed (in./s). This is
computed based on the use of a v/h ratio. The v/h ratio is calculated by dividing
the flight altitude AGL into the velocity of the aircraft. The v/ h ratios for the Daedalus
DS-1260 scanner are shown in Table 2-9. The range of v/h values in the table is
less than the maximum v/h range that allows contiguous scanner coverage. That
is, at maximum v/h ranges, the scan lines are adjacent with no scan line overlap.
It is best to work well within the v/h ranges and below the v/h maximum to guarantee
some overscanning. This ensures adequate ground coverage. The amount of overscan
is determined by dividing the maximum v/h value by the actual v/h value. Unity
! means that there is no overscan. A value of less than 1 indicates underscanning
i and that adequate coverage is not being obtained. A value greater than 1 means
1 that there is some degree of overscanning. The exact amount of overscan is determined
by subtracting 1 from the quotient. Thus there is a fine balance between too much
overscanning taking place, which provides redundant information for a given scan
line on the ground, and underscanning, which may result in gaps between scan lines.

TABLE 2-9 Daedalus DS-1260 MSS v/h Ratios
and Recommended Scan and Tape Speed

Recommended Scan speed Tape speed
v/h range Max. v/h (scans/s) (in./s)
0.00-0.02 0.031 12.5 7.5
0.02-0.05 0.062 250 15.0
0.05-0.12 0.125 500 300
0.12-0.25 0.250 100.0 60.0

DIGITAL IMAGE DATA FORMATS

Having described how the Landsat MSS, TM, SPOT, and airborne MSS remote
sensors acquire the data, it is important to identify some of the most prevalent formats
for storing the digital data. These include: (1) band sequential (BSQ), (2) band inter-
leaved by line (BIL), (3) band interleaved by pixel (BIP), and (4) run-length encoding.
The formats will be reviewed in the context of a typical Landsat MSS tape. It should
be noted, however, that each of these formats is usually preceded on the digital
tape by “header” and/or “trailer” information, which consists of ancillary data about
the date, altitude of the sensor, atlitude, sun angle, and so on. Such information is
useful when geometrically or radiometrically correcting the data.
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Digital Landsat MSS data obtained from the EOSAT Company, Sioux Falls,
South Dakota, as a computer-compatible tape (CCT) is in a format that has been
converted from the original wide-band videotape data recorded by the various world-
wide receiving stations. Each Landsat MSS image is composed of a sequence of scan
lines and a variable number of pixels. The data are normally recorded on nine-track
CCTs with data density on the tape of 800, 1600, or 6250 bits per inch (bpi).

Band Sequential Format

The band sequential format requires that all data for a single band covering the
entire scene be written as one file. Thus if one wanted the area in the center of a
scene in four bands, it would be necessary to read into this location in four separate
files to extract the desired information. Many researchers like this format because
it is not necessary to read “serially” past unwanted information if certain bands are
of no value. The format for typical BSQ tape is suramarized in Fig. 2-28. The number
of tapes may be dependent on the number of bands provided and on whether the
imagery has been geometrically corrected at the EOSAT Company. Program LAND-
READ in Appendix A will extract a user-specified subscene from a band sequential
Landsat MSS scene. Program TMREAD will perform the same function on thematic
mapper imagery obtained in BSQ format from the EOSAT Company.

Band Interleaved by Line Format

In this format, the data for the bands are written line by line onto the same tape
(i.e., line 1 band 1, line 1 band 2, line 1 band 3, line 1 band 4, etc.). It is a useful
format if all the bands are to be used in the analysis (Fig. 2-29). If some bands are
not of interest, the format is inefficient since it is necessary to read serially past
unwanted data.

Band Interleaved by Pixel Format

Every element in the matrix has four pixel values (one from each spectral band)
placed one after the other [i.e., pixel (1,1) band 1, pixel (1,1) band 2, pixel (1,1)
band 3, pixel (1,1) band 4, etc.]. Again, this is a practical data format if all bands
are to be used.

Run-Length Encoding Format

This is a data structure borrowed from cartographic theory which conserves storage
space (Monmonier, 1982). It is a band sequential format that keeps track of both
the brightness value and the number of times the brightness value occurs along a
given scan line. For example, if a body of water were encountered with brightness
values of 10 for 60 pixels along a scan line, this might be stored in the computer in
integer (213) format as 060010, meaning that the following 60 pixels will each have
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Figure 2-20 Format for a band interleaved by linc (BIL) Land-
sat tape.

a brightness value of 10. Obviously, storing the two values 60 and 10 would require
far less. memory on disk or tape than storing 60 number 10s. However, if the data
are exceptionally heterogeneous, with very few similar brightness values, this format
is no better than the others. It is not possible at this time to purchase Landsat
products in run-length-encoded format from the EOSAT Company. Rather, analysts
often reformat the original data on the CCT into a run-length-encoded format for
- specific applications. .-

REFERENCES

BEGN, G. 1982. “Selection of the Optimum Spectral Bands for the SPOT Satellite,” Photogram-
‘metric Engineering and Remote Sensing, Vol. 48, pp. 1613-1620.
CNES. 1984. SPOT Satellite-Based Remote Sensing System . Toulouse, France: Centre National
d’Etudes Spatiales. t _
ENGEL, J. L., and O. WEINSTEIN. 1983. “The Thematic Mapper—An Overview.” IEEE Trans-
actions on Geoscience and Remote Sensing, Vol. GE-21, pp. 258-265. '
HAWLEY, D. L. 1982. A Field Guide for Scanner and Photographic Missions. Publication
1183-1818 (September). Las Vegas, Nev.: E.G.G. Energy Measurements Group, pp. 8-10.

9oK59)

OFFEK06733



Chap.3  References 49

HoLMES, R. A. 1984. “Advanced Sensor Systems: Thematic Mapper and Beyond,” Remote
Sensing of Environment, Vol. 15, pp. 213-221.

HoLmquisT, K. W, D. S. ANDREWS and A. W. Voss. 1984. “Digitizing National High
Altitude Photography,” Technical Papers, 50th Annual Meeting of the American Society of
Photogrammetry, pp. 694-699.

KAHLE, A. B, and A. GOETZ, 1983. “Mineralogic Information from a New Airborne Thermal
Infrared Multispectral Scanner,” Science, Vol. 222, pp. 24-21.

LANDGREBE, D. A. 1983. “Land Observation Sensors in Perspective,” Remote Sensing of
Environment, Vol. 13, pp. 391-402.

MONMONIER, M. S. 1982. Computer-Assisted Cartography: Principles and Prospects. Englewood
Cliffs, N.J.: Prentice-Hall, Inc., pp. 36-40.

NOAA. 1975 to 1985. Landsat Data Users Notes. NOAA Landsat Customer Services, Mundt
Federal Building, Sioux Falls, SD 57198.

SOLOMONSON, V. V. 1984, “Landsat 4 and 5 Status and Results from Thematic Mapper Data
Analyses,” Proceedings, Machine Processing of Remotely Sensed Data Symposium. West
Lafayette, Ind.: Laboratory for the Applications of Remote Sensing, pp. 13-18.

SOUTHWORTH, C. S. 1985. “Characteristics and Availability of Data from Earth-Imaging Satel-
lites,” U.S. Geological Survey Bulletin ¥1631. Washington, D.C. U.S. Geological Survey,
102 pages.

TARANIK, J. V. 1978. “Characteristics of the Landsat Multispectral Data System,” U.S. Dept.
of the Interior Open File Report 78-187, Sioux Falls, S.D.

U.S. GEOLOGICAL SURVEY. 1979. Specifications for Inter-agency High Altitude Aerial Photogra-
phy (79-30), Reston, Va.: U.S. Geological Survey.

WiLLiaMms, D. L., J. R. IroNs, B. L. MARKHAM, R. F. NeisoN, D. L. Tort, R. S. LATTY,
and M. L. STAUFFER. 1984. “A Statistical Evaluation of the Advantages of Landsat Thematic
Mapper Data in Comparison to Multispectral Scanner Data,” IEEE Transactions on Geosci-
ence and Remote Sensing, Vol. GE-22, May issue.

UIO0

OFEK0O6734



Image Processmg S ysiem

Conslderaflons

INTRODUCTION

Once the remotely sensed data are in a digital format, it is possible to analyze them
using a digital image processing system which can hopefully extract meaningful infor-
mation from the imagery. This requires that the analyst understands the fundamental
characteristics of digital image processing systems.

Three approaches are often used to perform digital image processing in educa-
tional and research environments (Jensen, 1983). The first is the mainframe approach,
where all analysts utilize a mainframe computer (2 32-bit) in batch or interactive
mode. They usually work with alphanumeric overprint or line plotter output and
only occasionally have the opportunity to view and interactively analyze the remote
sensor data on a high-resolution black-and-white or color monitor. Also, the typical
afternoon slowdown caused by too many users on the mainframe can become unbear-
able (Williams et al., 1983; Eyton, 1983).

The second approach involves the use of a minicomputer (16- to 32-bit), an
image processor, and a high-resolution color monitor which provide an ideal image
processing environment (Ince, 1982). Unfortunately, such systems are usually expen-
sive and often only one person can interact with the system and high-resolution
monitor at one time. ;

Finally, there exist microcomputer-based (16- to 32-bit) image processing sys-
tems. Numerous relatively inexpensive microcomputer-based image processing systems
may now be acquired for use as multiple workstations in a digital image processing
laboratory environment.

Characteristics of some of the most widely used commercial and publicly avail-
able image processing systems are summarized in Tables 3-1 and 3-2, including
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information on their hardware/software configurations and cost where applicable
(Welch et al., 1983; Jensen, 1984). Addresses of public and commercial vendors of
digital image processing hardware and software are given in Appendix B.

The image processing functions typically performed by such systems are summa-
rized in Table 3-3 (Ince, 1982). There is a positive relationship between the functions
performed, the speed at which the image processing is performed, and the cost. Most
of the minicomputer-based image processing systems cost from $20,000 to $150,000
and provide all the essential digital image processing functions (Figs: 3-1 and 3-2).
Furthermore, the image processing takes place at great speed, often in real time
(approximately Y, of a second). Several microcomputer-based image processing sys-

TABLE 3-3 Image Processing Functions Found in Many Image
Processing Systems

Preprocessing
A. Radiometric correction (for system and environmental effects)
B. Geometric correction (image to map or image to image)
Display and enhancement
. Black-and-white display
. Color composite display
Density slice
. Magnification or reduction
Transects
Contrast stretch
Image algebra (band ratioing, differencing, etc.)
. Spatial filtering
Edge enhancement
Principal components
. Linear combinations {¢.g., Kauth transform)
. Texture transforms
. Fourier transforms
Information extraction
P. Supervised classification
Q. Unsupervised classification
R. Contextual classification
S. Incorporation of ancillary data in the classification
Geographic information systems (GIS).
T. Raster- or image-based GIS
U. Vector- or polygon-based GIS (must allow polygon comparison)
Integrated systems
W. Complete image processing systems (functions A to S)
Y. Complete image processing systems and GIS (functions A to S and
T or U)
Utilities
Z. Mainframe communication for micro- or minicomputer-based systems

OCZErRemIOmMmTn

Source: Ince (1982) and Jensen (1984).
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Figure 3-1 Minicomputer-based digital image processing system.. A single analyst interacts with

the remote sensor data displayed on the high-resolution color monitor using either the trackbail
or keyboard. The cabinet houses the central processing unit (CPU), the image processor memory
used to display the image on the screen, and a 1600-bpi tape drive used to read raw remote sensor
data from a computer-compatible tape (CCT). The digitizing tablet is another input device that
can be used by the analyst to interact with the image on the CRT. (Courtesy of International
Imaging Systems—I2S, Inc.). . S

tems are now.available for under $20,000. These systems provide many of the image
processing functions required for both teaching and research (Figs. 3-3 and 3-4).
However, the image processing is not performed as rapidly and the display resolution
and color resolution of the image processing system (to be discussed) may be much
lower.

OFEKO06739
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Figure 3-2 Analyst working on a high-
resolution digital image processing work-
station. The display has 1024 X 1024 dis-
play resolution and 24-bit color resolution
(i.c., it can display 16.7 million colors at
one time out of a palette of 16.7 million
colors). The analyst interacts with the im-
age using the trackball or the keyboard.

. {Coiirtesy of COMTAL-3M, Inc.)

Figure 3-3 Interactive microcomputer-based digital image processing system. This system has a
display resolution of 240 X 256 pixels and a color resolution of 12 bits. The maximum number
of displayable colors is 4096. (Courtesy of Spectral Data Corporation.)

IMAGE PROCESSING SYSTEM CHARACTERISTICS

When working with or selecting a digital image processing system, the following
factors should be considered: the number of analysts to have access to the system
at one time, the mode of operation, the central processing unit (CPU), the operating
system and type of compiler(s), the amount and type of mass storage required, the
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 .Figure 34 Interactive microcomputer-based digital image proccssg‘fg systt
display ‘resohition of 512°X 512 pixels and a: color resolution of 24
Inc.) o B : e L.

spatial and color resolution desired, andofcourse, the image processing
software, . oo G0 T -

Number of Analysts and Mode of Operation

A relatively large number of analysts (c.g., 10) must o
processing facilities. Consequently, the number of analysts
may range from one, which is exceptional, to perhaps five, which is inadequate.
Furthermore, it is ideal if the image processing takes place in an interactive environ-
ment where the analyst can see quickly the results of the image processing (Castleman,
1979; McKeown and Denlinger, 1982). Andrews (1977) pointed out that break-
throughs in student “image understanding” are generally accomplished “by placing
a human as intimately in the signal processing loop as is possible and allowing his
intuitive capabilities to take over.” Therefore, it is not wise to educate analysts in a
batch mode with very slow turnaround time if interactive learning environments
.can be provided. S S

Three interactive digital image processing workstations networked (i.c., they
are all connected) to a single minicomputer-based digital image processing system
are shown in Fig. 3-5. This relatively expensive configuration allows.the workstations
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Figure 3-§ Three interactive digital image processing workstations networked to a single minicom-
puter. Each workstation has access to its own bank of image processor memory housed in the
cabinet. The analysts interact with the image being displayed using the trackball or the keyboard.
The image may be modified directly using the local image processor memory or by accessing the
minicomputer central processing unit (CPU) in a time-sharing mode and then routing any new

information back through the image processor memory for display. (Courtesy of COMTAL-3M,
Inc.)

to share (actually time-share) the CPU of the minicomputer. In addition, each worksta-
tion has its own special-purpose image processor memory (to be discussed) that stores
the remotely sensed data that are displayed on the CRT screen. This allows very
rapid digital image processing to take place. Also note that each workstation has
access to a trackball. Trackballs or joysticks are used by analysts to interact with
the image displayed on the CRT screen.

Central Processing Unit, Arithmetic Coprocessor,
and Random Access Memory

The processing of digital remote sensor data requires a large number of central process-
ing unit (CPU) operations. Specifically, the CPU is burdened with two major tasks:
numerical calculations and input/output to peripheral mass storage devices, color
monitors, and so on. Therefore, it is necessary to have a CPU that can manage
data efficiently. In the past, most microcomputer CPUs were designed with 8-bit
registers. These 8-bit CPUs were satisfactory for most input/output functions (since

0944

OFEK06742



58 Image:Processing System Considerations.. Chap. 3

data are usm.lly transferred 8 bxts ata txme), but were labonously slow when numerical

- gnumber of 11_ ‘m':(e 2., the entire 1mage) be placed m core (RAM)at ,an tlmc, signifi-

‘cantly more RAM is neéded.
Opora'tin'“g' ‘Systom and COmpilor

‘The operating, system and compller must be easy to use yet powerful enough so
. that analysts may program their own relatively sophisticated algorithms and experi-
ment with them on the system. It is not wise to-configure an image processing system
around an unusual operating system because it becomes difficult to share applications
with other scientists. The most universal operating systems are DOS and UNIX.
The compilers most often used in the development of digital image processing
software are BASIC, Assembler, and FORTRAN. Very little image. processing soft-
ware -has been written in Pascal or PL/ 1 at the prcsen; time (Tablw 3-1 and 3-2).

Mass Storaga

Digital remote sensor data are usually stored in a matrix format with the various
multispectral bands-(e.g:, blue, green, red, and reflective infrared)in geometﬁc registra-
tion one to another (Fig. 2-1). The most common matrix format is-band sequential
(BSQ), where each spectral band of imagery is stored as an individual file (refer to
. Chapter 2 for a discussion of this data structure).. Each picture element (i.c., pixel)
of :each band is represented in the computer by a. smgle 8-bit byte (a value from 0
to 255)..Over 262,000 bytes: of storage (referred to as 262 Kbytw) are required to
store a single band of imagery consisting of 512 X:512 pixels. It is often necessary,
however, to analyze numerous bands -of remote:sensing imagery at one time. For
_example, Landsat thematic mapper imagery contains seven individual bands for each
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geographic area. Therefore, it is not uncommon that more than 1 million bytes of
mass storage are required to make the multiple bands of imagery accessible to the
CPU for even a small study area. Each pixel of the data matrix must be able to be
accessed at random and at great speed.

These two requirements, large storage capacity and random access, are satisfied
by the use of disk storage devices. Hard disk systems typically store more than 10
million bytes and provide fast access times. They represent the “ideal” storage medium.
In addition to the hard disk, it is desirable to use tape or floppy disk subsystems to
provide data input to the system, to back up the hard disk, transfer data between

workstations, and archive image data sets or applications software once a project

or assignment is completed.

Optical disk storage technology continues to improve and is expected to provide
a significant increase in storage capacity at a modest price once the problem of being
able to both read from and write to the disk is solved. Optical disks can store gigabytes
of data. :

Display Resolution

The image processing system should provide low to medium display resolution on
the CRT; that is, it should be able to display at least 256 by 256 pixels and preferably
more (e.g., 512 by 512 or 1024 by 1024). This allows larger geographic areas to be
examined at one time and places the terrain of interest in its regional context. Most
geographers and other earth scientists prefer this regional perspective when performing
terrain analysis using remote sensor data. Furthermore, it is disconcerting to have
to analyze four 256 X 256 images when a single 512 X 512 display provides the
information at a glance. Note that some of the microcomputer-based image processing
systems listed in Tables 3-1 and 3-2 provide relatively low display resolution.

Color Resolution

This refers to the number of gray-scale shades and/or colors (e.g., 256) which may
be displayed on a CRT monitor at one time out of a palette of available colors
(e.g., 16.7 million). For many geographic applications, such as high-contrast black-
and-white linework cartography, only 1 bit of color is required [i.e., either the line
is black or it is white (0 or 1)}. For more sophisticated cartography where many
shades of gray or different color combinations are required, up to 8 bits (or 256
colors) may be required. In fact, most thematic mapping applications may be performed
quite well by systems that display just 64 user-selectable colors out of a palette of
256 available colors.

The analysis and display of remote sensor image data generally require much
higher color resolution than do these cartographic applications. For example, most
relatively sophisticated image processing systems (see Table 3-1) provide a tremendous
number of displayable colors (e.g., > 4096) out of a large color palette (e.g., 16.7
million). The primary reason for these color requirements is that image analysts
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must often display a “composite” of several individual ifnages at one time on a CRT.
. This‘is termed “color compositing.” For example, to display a typical color infrared
image of Landsat thematic mapper‘data it is necessary to composite threc separate
'8-bit images [e.g., the green band (TM 2 = 0.52 to 0.60"jim), the red band (TM
- 3= 0:63 to 0:69° wm), anid'the reflective infrared ‘band*(TM 4 = 0.76 to 0.90 pm)).
. To obtain a true-color or direct-definition image whichi provides every possible color
coimbination for the three 8-bitimages requires that 2% colors (16.7 million) be availa-
.+ blerin the palette (Fichera -and Dickinson, 1983). ‘Such ‘difect-definition systems are
*:jdeal but expensive. The réason they are expensive is that every pixel location must
. ‘be bit-mapped . This teans"that there must-be a specific Tocation in‘memory which
keeps track of the exact blue, green, and red color value for every pixel. This requires
substantial ‘amounts-of computér’ memory -Which ar¢ usually ‘collected in what is
cilled dn ‘image- processor. *Given'-the availability ‘of ‘itage procéssor memory, the
‘question becomes: What eolor resolution is adequate? - SELEE IS
Generally, 4096 carefully selected colors out of a very large palette (e.g., 16.7
million) appear to bé the minimum acceptable for the creation of remote sensing
color composites. This provides 12 bits of color with 4 bits available for each of
‘the blue, green, and red image planes (Table 3-4). For image processing applications
other than’ fbommsitingz (¢.8:, black-and-white image display, color density slicing,

~TABLE: 3-4 Image Processor Memory
- Required.tp Produce Various Numbers
*of Displayable Colors

g & S% Maximum number of colors
Imsie BIOGESSOr displayable at one time on

- -memory. (bits) - the CRT screen
1 2 (black and white)
2 4
3 8
o4 T

.5 o 32
6 64
7 128
8 256
9 512

10 ' 1,024

11 . 2,048

12 4,096

13 8,192

14 16,384

15 32,768

16 - - 65,536

17.. - 131,072

18, - 262,144

24 16,777,216
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pattern recognition classification, etc.), the 4096 available colors and large color palette
are more than adequate. However, the larger the palette and the greater the number
of displayable colors at one time, the better the representation of the remote sensor
data on the CRT screen for visual analysis. More will be said in Chapter 5 about
how images are displayed using an image processor.

SOFTWARE

Image processing applications software normally resides as executable command
modules on the hard disk. The software is usually interactive, prompting the user
for specified responses. The programs evaluate the user’s response and provide real-
time error messages if an inappropriate response is given. This characteristic is essential
for some first-time users (Jensen et al., 1979; Jensen, 1983). Programs found in many
of the commercially and publicly available image processing systems are summarized
in Tables 3—-1 and 3-2. This book summarizes the logic and function of many of
the more useful image processing functions.

Introduction to the SENSOR Image Processing
System

As discussed previously, the ideal is to provide an interactive minicomputer or micro-
computer-based image processing system complete with an image processor and high-
resolution color monitor. Since this is not always possible, the author has provided
the SENSOR image processing system, which will operate in batch mode on most
IBM or IBM-compatible mainframes. The software is written in FORTRAN 1V,
Level G, and the source programs are listed in Appendix A. They may be copied
and used freely. These programs provide the reader with a fundamental image process-
ing capability. The graphic output from the SENSOR image processing software is
usually to an electrostatic plotter. Instructions for implementing the programs are
given in Appendix A.
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4

Initial Statistics Extraction

INTRODUCTION

Once the digital remote sensor data are extracted from the computer-compatible
tape (CCT), it is useful to calculate some fundamental univariate and multivariate
statistics of the multispectral data. This normally involves computing the minimum
and maximum value for each band of imagery, the mean, the standard deviation, a
variance-covariance matrix, a correlation matrix, and frequencies of brightness values
in each channel which are used to produce histograms. Such statistics provide valuable
information necessary for displaying and analyzing remote sensor data (Short, 1982).

UNIVARIATE AND MULTIVARIATE STATISTICS COMPUTED
FROM REMOTELY SENSED IMAGERY

Throughout the remainder of this text we will use the following notation:

i =row (or line) in the imagery
J = column (or sample) in the imagery
k =band of imagery
I = another band of imagery
BV = brightness value in a row i, column j, of a band k
BV, =range of the brightness values (e.g., if BV; = 2% then brightness value,
BVij, may range from O to 255)
n = total number of picture elements (pixels) in an array

63
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64 Initial Statistics Extraction Chap. 4

pi = mean of a band of imagery
s, = standard deviation of a band of imagery
Var, = variance of a band of imagery
Covyy = covariance between pixel values in two bands, k and !
ha = correlation between pixel values in two bands, k and [
X, = measurement vector for class ¢ composed of brightness values (BV; ) from
row i, column j, and band k
M, =mean vector for class ¢
M, = mean vector for class d
pex = mean value of the data in class ¢, band k
s = standard deviation of the data in class ¢, band k
Ve = covariance matrix of class ¢ for bands k through I; often shown as Ve
Ve = covariance matrix of class d for bands k through I; often shown as Vg
The mean, standard deviation, and variance are useful measures of central tendency
[refer to Hammond and McCullagh (1980) if you are not familiar with how they
are computed]. However, even more useful from a remote sensing standpoint are
measures of covariation and correlation among the several bands. They can provide
insight into data redundancy or quality (i.e., are the data of any value for the remote
sensing task at hand?). Later it will be shown that variance-covariance and correlation
matrices are used in remote sensing principal components analysis (PCA), feature
selection, and classification. For this reason, we will closely examine how the variance-
covariance between bands is computed and then proceed to compute the correlation
between bands. Although performed on a simple data set (consisting of just five
pixels of green vegetation from a hypothetical MSS data set), this example shouid
provide insight into the utility of these statistics. Later, the same statistics will be
computed for a six-band Charleston, South Carolina, thematic mapper scene consisting
of 240 X 256 pixels.

The following examples are based on an analysis of the first five pixels {(1, 1),
(1,2), 1, 3), (1, 4), and (1, 5)] in a four-band (green, red, reflective infrared, reflective
infrared) multispectral data set. Thus each pixel consists of four spectral measurements
(Table 4-1). Note the low brightness values in band 2 caused by plant chlorophyli
absorption of red light for photosynthetic purposes. Increased reflectance of the inci-

TABLE 4-1 Sample Data Set of Brightness Values
Used to Demonstrate the Computation of the
Variance-Covariance Matrix

Bandl Band2  Band3 Band 4
Pixel (green) (red) (infrared) (infrared)

on 130 57 180 205
(1,2 165 35 215 255
(13 100 25 135 195
14 135 50 200 220
(¢} 145 65 205 235
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Univariate and Multivariate Statistics 65

TABLE 4-2 Univariate Statistics for the Sample

Data Set

Band 1 2 3 4
Mean py 135 464 187 222
Std. dev, s 23.71 16.27 3.4 23.87
Variance, Var 562.5 264.8 1007.5 570
Minimum 100 25 135 195

Maximum 165 65 215 255

dent infrared energy by the green plant results in higher brightness values in the
two infrared bands (3 and 4). Although it is a small sample data set, it represents
well the spectral characteristics of healthy green vegetation.

The simple univariate statistics for such data are usually reported in tabular
format, as shown in Table 4-2. In this example, band 2 exhibits the smallest variance
(264.8), the lowest brightness value (25), the smallest range of brightness values (from
25 to 65), and the lowest mean value (46.4). Conversely, band 3 has the largest
variance (1007.5) and the widest range of brightness values (from 135 to 215). These
statistics are of value but do not provide any useful information concerning whether
or not the spectral measurements in the four bands vary together or are completely
independent.

The different remote sensing derived spectral measurements for each pixel often
change together in some predictable fashion. If there is no relationship between the
brightness value in one band and that in another band for a given pixel, the values
are mutually independent; that is, an increase or decrease in one band’s brightness
value is not accompanied by a predictable change in another band’s brightness value.
Because spectral measurements of individual pixels may not be independent, some
measure of their mutual interaction is needed. This measure, called the covariance,
is the joint variation of two variables about their common mean. To calculate covari-
ance, we first must compute a quantity similar to a sum of squares. This is called
the corrected sum of products (SP) and is defined by the equation (Davis, 1973;
Davies and Hicks, 1975):

SPy =§1 (BVix — s )BVi — 1) @-1)

In this notation, BV; is the ith measurement of band k, and BV; is the ith measure-
ment of band I with n pixels in the study area. The means of bands k and [ are
pe and py, respectively. In our example, variable k might stand for band 1 and
variable I could be band 2. It is computationally more efficient to use the following
formula to arrive at the same result:

3 BV 3 BVa
n - &
SPu = 3 (BVax X BVi)—— im1 “4-2)

i=1 n
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